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l.O  Introduction 


1.1  Hlttorlcal  Note 

The  idea  of  Jet  engine  condition  determination  through  meaaura- 
menta  made  on  the  engine  ia  not  a  new  one.  Practically  all  trouble 
shooting  procedures  are  based  on  knowledge  of  performance  during  a 
malfunction,  and  prediction  of  troubles  through  systematic  measure¬ 
ment  of  performance  is  a  logical  extension  of  this  time  honored  method. 

Some  previous  programs  have  examined  various  phases  of  engine 
analysis.  To  mention  only  two  of  several,  WADC  TN58-283  reports  on 
a  test  on  F86  airplanes  in  which  only  a  few  parameters  were  measured 
(oil  consumption,  coast  down  time,  nozzle  area,  exhaust  gas  temper¬ 
ature,  oil  pressured  and  was  estimated  as  35%  effective  in  detecting 
troublesome  conditions  before  excessive  damage. 

"An  Engineering  Study  of  Engine* Parameter  Recording  Techniques" 
in  1959  by  Pattelle  Memorial  Institute  used  a  continuously  recording 
automatic  data  acQuisition  system  installed  on  a  6-47  airplane.  The 
conclusion  of  this  woik.  i started  in  1956)  was  that  a  satisfactory  re¬ 
corder  could  be  developed  with  some  effort,  although  then  currently 
available  components  were  not  completely  satisfactory.  The  recorder 
system  was  found  useful  at  the  base  level  for  determining  immediate 
maintenance  requirements  and  its  use  was  suggested  for  long-term  sta¬ 
tistical  studies  of  engine  performance. 

In  1960,  the  U.S.  Air  Force  Initiated  a  program  to  obtain  evalu¬ 
ation  samples  of  an  airborne  data  acquisition  system  to  be  used  for 
engine  analysis.  However,  the  program  was  modified  and  this  study  to 
determine  the  medsurements  and  interpretations  required  for  engine 
analysis  was  8ub«tltuted. 

Manuscript  released  by  the  author  Dec*  18,  1962  for  publication  as  an  ASD 
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1.2 


Pyrpoy^ 


The  purpose  of  this  study  was  to  develop  the  theoretical  aspects 
of  the  measurements  and  interpretive  techniques  required  for  the  anal- 
ysis  of  jet  engines  to 

1.  Determine  the  "health"  of  the  engine 

2.  Isolate  the  source  of  any  deteriorations 

3.  Predict  engine  life 

with  the  ultimate  aim  of  reducing  maintenance  cost  and  improving  the 
reliability  and  readiness  of  the  airplane  fleet  with  an  operationally 
practical  system  of  engine  analysis. 
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1.3  Concluiloni 

1.3.1  Measurment  Araag 

Thtt  study  has  rsvualsd  four  MusurMont  araao  uhlch  hava 
great  potential  In  acconpliehlng  the  ultimate  objectives  of  improving 
airplane  reliability  and  readiness »  and  decreasing  maintenance  cost, 
these  four  areas  are: 

1.  Thermodynsmic  performance  sensitive  parameter  iseasureaient 

2.  Vibration  measurement 

3 .  Time-temperature  measurement 

4.  Lube  system  contamination  measurement 

Adequate  data  is  not  presently  available  to  demonstrate  quanti¬ 
tatively  the  magnitude  of  the  improvement  in  airplane  reliability  and 
readiness  or  the  reduction  in  maintenance  costs  available  from  meas¬ 
urements  in  any  of  the  four  areas  listed.  However,  the  spread  in 
time  to  overhaul  ranging  from  100  to  1000  hours  (6,29)^  the  airplane 
accidents  and  incidents  caused  by  engines  (7)*,  the  ten  to  one  savings 
realized  through  early  detection  of  bearing  failures  (8)*  and  the  re¬ 
cently  reported  success  in  using  vibration  as  an  early  warning  of  me¬ 
chanical  trouble  (11)*  indicate  that  very  worthwhile  gains  are  avail¬ 
able. 

1.3*2  Performance  Sensitive  Measurements 

The  thermodynamic  performance  sensitive  measurements  required 

for  engine  analysis  are  listed  below.  The  computations  and  handling 
techniques  required  to  interpret  these  measurements  are  described  in 
detail  in  Appendix  I. 

^  Numbers  in  parenthesis  refer  to  bibliography 
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Concluilon* 
1-3.2  (Cont'd) 


i  3 


Compressor  Inlet  Total  Pressure 
Compressor  Inlet  Total  Temperature 
Compressor  Bleed  Air 
Engine  Speed 
Engine  Pressure  Ratio 
Compressor  Static  Pressure  Ratio 
Fuel  Flow 

Exhaust  Gas  Temperature 

Lube  Oil  Pressure 

Lube  Oil  Temperature 

Lube  Oil  Consumption 

Oil  Sump  Pressure 

Oil  Tank  Pressure 

Oil  Flow  (in  press,  reg.  system) 

Some  method  of  "smoothing'*  the  data  must  be  used  to  reduce  its 
normal  variation  to  obtain  meaningful  results  %dien  compared  to  the 
limits.  A  geometric  moving  average  as  described  in  Para.  2.5. 2»  is 
one  statistical  technique  that  is  satisfactory  for  this  purpose. 

In-flight  measurements  or  gound  based  measurements,  either  auto* 
matically  or  manually  recorded  from  current  state-of-the-art  equipment 
can  be  used  insofar  as  accuracy  considerations  are  concerned.  Opera¬ 
tional  considerations,  related  to  specific  applications,  can  select 
the  data  acquisition  system. 
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Vibration  Minuriiment 


Rflvlov  of  vibration  data  from  Jat  angina  uaarst  vibration 
aquipnant  nanufacturara »  and  Air  Porca  atudiaa  haa  indicatad  thraa 
kinds  of  vibration  naasuraaant.  Thasa  ara  (1)  broad  band^  (2)  vibra¬ 
tion  signatisra,  and  (3)  tachomatar  ratio  nathods.  Bach  of  the  mathods 
have  soma  advantagas  aithar  in  simplicity  or  vibrating  component  iso¬ 
lation  capability.  Sunnarizing,  it  Is  evident  that  vibration  measure¬ 
ment  is  a  powerful  tool  in  determining  the  mechanical  integrity  of  the 
engine  and  that  further  evaluation  of  the  tool  is  required  for  appli¬ 
cation  in  a  Jet  engine  analyzer.  Recommendations  for  the  next  step 
in  this  program  are  included  in  Sec.  3. 

1.3»4  Tlm^  Temperature  Measurement 

Time-temperature  measurements  were  reviewed  with  engine  manu¬ 
facturers,  engine  users,  and  through  metallurgical  texts  and  reports. 
Several  modes  of  failure  such  as  stress  rupture,  creep,  and  thermal 
fatigue  cracking  are  prevalent  in  some  hot  section  engine  components. 

On  some  engines  where  the  failure  is  through  creep  or  stress  rupture 
and  stress  and  temperature  are  functionally  related,  the  time  integral 
of  the  proper  function  of  temperature  can  provide  a  good  index  of  hot 
section  life.  On  engines  where  the  failure  is  through  thermal  fatigue 
cracking,  the  time  integral  of  temperature  is  not  related  to  component 
life.  In  engines  where  the  stress  and  temperature  are  not  functionally 
related,  a  time  integral  of  the  proper  function  of  stress  and  temper¬ 
ature  is  necessary  to  obtain  an  index  of  hot  section  parts  life.  In 
general,  the  time-temperature  measurement  requires  considerably  more 
development.  Recommendations  for  further  work  on  this  parameter  are 
included  in  the  report. 
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Lubrication  ayctea  contamination  maaiurenanta  hava  faw  rap¬ 
ports  applicable  to  Jet  anginaa,  although  aoma  angina  uaara  raly  on 
it  for  initiation  of  maintenance  action.  Succeaaful  use  of  the  mama* 
urament  dapanda  upon  obtaining  a  repreaentative  sample  of  the  contam¬ 
inating  material.  This,  in  turn,  depends  upon  filter  or  plug  location 
and  lube  system  design.  As  in  the  case  of  vibration  and  time-temper- 
ature,  further  evaluation  and  technique  development  are  required  to 
realize  the  trouble  detecting  capability  of  this  measurement.  A  prac¬ 
tical  procedure  to  evaluate  this  measurement  is  included  in  the  recom¬ 
mendations  for  continued  effort  in  the  field  of  engine  analysis. 
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An  evaluation  program  to  datarmlna  the  magnitude  of  the  gaine 
that  can  he  made  in  airplane  reliability »  readineae,  and  maintenance 
coat  reduction  ia  required  before  large  scale  in^lementetion  of  an 
engine  analyzer  program  ia  undertaken.  This  data  ia  not  currently 
available  because  there  have  been  no  programs  >  recording  regularly 
engine  performance  measurements  for  correlation  with  malfunction  his¬ 
tory  or  inspection  findings. 

This  program  can  be  pursued  with  minimal  hardware  as  outlined  in 
Sec.  2.8  and  3.  Basically  an  airborne  data  acquisition  system  record¬ 
ing  continuously  during  flight  (i.e.  measurements  about  once  every 
five  seconds)  will  give  the  most  complete  evaluations.  With  proper 
procedures y  such  a  system  will  provide  a  comparison  of  ground  based 
or  airborne,  manual  or  automatic  data  acquisition.  The  evaluation 
program  should  not  attempt  to  prescribe  maintenance  action  on  the  test 
vehicle  but  It  should  establish  In  retrospect,  those  malfunctions  and 
deteriorations  which  correlate  with  the  measurements.  On  this  basis, 
extensive  computer  facilities  to  meet  exacting  time  schedules  are  not 
required. 

The  road  to  a  final  configuration  of  an  operationally  suitable 
engine  analysis  technique  Is  a  step  by  step  application  and  integration 
of  the  methods  of  engine  condition  assessment  outlined  in  this  report. 
The  next  step  along  the  road  should  be  the  evaluation  program,  dis¬ 
cussed  above  and  In  Sec.  3,  to  correlate  observed  engine  deteriora¬ 
tions  and  malfunctions  with  regularly  recorded  engine  measurements. 
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2.1  Gtnral 

This  report  covers  the  results  of  e  study  to  develop  a  aethod  of  an¬ 
alyzing  a  jet  engine  to  detect  incipient  engine  failure  or  engine  deteri¬ 
oration  before  excessive  secondary  damage  is  done.  The  kinds  of  failures 
occurring,  the  measurements  required  for  their  detection,  and  the  methods 
of  treating  the  measurements  to  obtain  a  maximiin  of  information  from  them 
are  all  explained  in  detail  in  subsequent  sections. 

The  procedures  and  methods  of  using  the  performance  sensitive  param¬ 
eters  for  engine  condition  assessment  %^re  developed  by  the  engine  manu¬ 
facturers.  Tentative  limits  on  allowable  parameter  variations  were  estab¬ 
lished  throu^  the  use  of  a  computer  model  of  the  engine  to  simulate  the 
performance  of  new  and  degraded  engi.ne8,  and  by  manufacturer  and  user  ex¬ 
perience  where  this  was  available.  Estimates  of  the  proposed  analyzer 
system  accuracies  were  Mde  by  combining  the  results  of  sensor,  transducei; 
recorder  and  computer  studies  to  provide  statistical  estinmtes  of  the  over¬ 
all  systems  accuracies. 

The  state  of  the  art  in  using  the  non-performance  sensitive  param¬ 
eter  for  engine  condition  assessment  was  examined  through  data  from  engine 
manufacturers,  equipment  manufacturers,  engine  users,  and  related  Air 
Force  programs.  The  study  of  this  data  provides  the  basis  for  the  descrif^ 
tion  of  the  programs  to  evaluate  and  develop  further  the  use  of  these  pa¬ 
rameters  for  engine  analysis. 
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This  section  tabulates  toM  of  tha  biatorlcal  raeorda  of  angina  fall- 
uras»  overhaul  actions »  and  engine  inspired  incidents.  Search  of  Air 
Force,  and  angina  manufacturer  records  has  not  revealed  adequate  data  where 
a  correlation  of  regularly  acquired  measurements  with  observed  failures  or 
malfunctions  can  be  made.  Air  Force  records  showing  engine  inspired  acci¬ 
dents  or  Incidents  correlated  with  the  engine  culprit  component  are  readily 
available,  as  are  records  from  the  overhaul  depots  detailing  overhaul  ac¬ 
tions.  Engine  manufacturers  were  very  helpful  In  providing  records  from 
their  reliability  and  product  Improvement  programs  shoving  the  premature 
overhaul  actions,  in-f light  power  loss  events,  malfunction  detection  means 
etc.  None  of  these  data  include  a  historical  record  of  engine  measure¬ 
ments  against  which  the  observed  events  or  overhaul  findings  can  be  corre¬ 
lated  to  determine  which  measurements  are  effective  In  providing  early  de¬ 
tection  and  isolation  of  the  malfunction. 

Ccnraerclal  airlines  were  very  cooperative  in  discussing  their  engine 
analysis  programs  which  in  general  are  Just  starting  to  accumulate  histor¬ 
ical  data  for  early  malfunction  detection.  The  results  of  these  programs 
are  encouraging  with  respect  to  demonstrating  an  ability  to  detect  some 
engine  discrepancies  before  catastrophic  failure,  although  it  is  too  early 
to  estimate  the  effectiveness  of  the  measurements,  and  application  of  air¬ 
line  experience  to  military  engine  operation  is  questionable.  (See  Par. 
2.2.4.) 

2.2.1  Air  Force  Accident /incident  Record 

The  data  simnarized  in  this  section  were  taken  from  studies  MRlO-39 
and  NR6-61  of  the  Engineering  Branch  --  Directorate  of  Fli^t  Safety  Re- 
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search  Norton  AFB,  California.  The  original  reports  are  titled  'Turbo- 
Jet  Engine  Failures  and  Halfunctions  Involved  in  USAF  Accidents /incidents." 


The  reports  Indicate  the  following  areas  of  the  engine  were  responsible 
for  the  given  percentage  of  accidents/incidents  during  a  3-year  period  from 
July  1957  to  July  1960. 

TABLE  I 

USAF  ACCIDENTS/iNCICgNTS  1957-1960 


Area  of  Malfunction 

X  Total  Accident /Incident 

Fuel  System 

31.3 

Compressor 

14.5 

Main  Brg  &  Lube 

10.3 

Turbine 

11.7 

Accessories 

5.4 

Combust.  6t  Exh. 

4.5 

Undetermined 

15.7 

Personal  Acts. 

6.6 

Examining  data  presented  on  fuel  system  malfunctions  in  more  detail, 
it  is  found  that: 

l/3  of  total  is  due  to  Fuel  Icing 
1/3  of  total  is  due  to  Fuel  Control 

1/6  of  total  is  due  to  All  other  Fuel  System  Components 
1/6  of  total  is  undertermined 

Of  the  1/3  of  the  total  accidents/incidents  due  to  fuel  icing,  SOX 
of  them  occurred  on  one  engine -airplane  combination  (J33-T33) ;  the  balance 
on  fifteen  other  engine-airplane  combinations. 

Of  the  total  compressor  problems,  1/4  occurred  on  one  engine-airplane 
combination  (J^5-F89) ;  the  balance  on  fifteen  other  engine-airplane  comhi- 
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Of  the  total  bearing  and  lubrication  eyataa  problem,  l/A  la  aaaoei- 
atad  with  one  angina*airplana  combination  (J57-B52) ;  the  balance  on  12 
other  combinations. 

In  general,  in  each  area  listed  in  Table  I,  one  engine  •airplane  com* 
bination  was  responsible  for  about  twice  as  many  of  a  particular  mlf unc¬ 
tion  as  the  next  hipest  combination.  Although  relative  fll^t  hours  on 
the  various  airplanes  is  not  given  in  the  study  for  security  reasons,  the 
fact  that  different  engine -airplane  combinations  are  responsible  for  a 
majority  of  each  kind  of  malfunction  shows  that  exposure  is  probably  not 
responsible  for  the  phenomena,  and  that  for  given  time  periods,  particular 
ills  beset  different  aircraft. 

2.2.2  Single  Spool  Engine  Failure  Data 

The  single  spool  engine  failure  data  was  accumulated  largely  through 
the  General  Electric  Company's  program  of  reliability  evaluation.  The 
study  is  a  continuing  one;  the  data  taken  from  it  for  this  report  covers 
the  period  from  Dec.  1958  to  Oct.  1961.  The  data  from  this  progrmi  shows 
a  very  significant  ratio  of  power  loss  events  caused  by  the  controls  and 
accessories  as  compared  to  the  main  engine. 


TABLE  2 

POWER  LOSS  EVEHT  RATIO 


Halfunction  Source 

Percent  of  Power  Loss  Events 

Hain  Engine 

Control  &  Accessory 

16-20 

84-80 

For  the  purposes  of  the  reliability  study,  a  power  loss  event  is  de¬ 
fined  as  a  lOX  loss  in  thrust  from  the  operating  power  level. 
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Brtaktng  dawn  tb«  Control  and  AccMsory  total  avanta  raquirlat  nalntanaaca 
action  t  including  thoaa  which  cauaad  powar  loaa  os  wall  aa  thoaa  which  did  not> 
it  ia  aaan  that  ona  conponant,  tha  tanparatura  anplifiar,  cauaad  twica  aa  noiqr 
oMintananoa  avanta  aa  any  othar  aingla  itan,  and  that  aix  conponanta  cauaad 
ovar  half  of  all  tha  naintonanca  aetiona  takan. 


lABLB  3 


cmoL  Ji  AfiCBsaff  wm. 


%  Total  Bventa 

Cuanilative  X  of  Total 

1. 

Tanperature  Anplifiar 

18.3 

18.3 

2. 

Anti-Icing  Valve 

9.1 

27.4 

3. 

Haln  Fuel  Control 

8.8 

36.2 

4. 

Pilot  Burner  Orifice 

5.9 

42.1 

5. 

Nob.  Arom  Cont.  Servo  Filter 

5.3 

47.4 

6. 

Fria.  Nose  Aree  Control 

4.5 

51.9 

7. 

Pria.  NoSe  Area  Sensor 

4.2 

56.1 

8. 

A/B  Spark  Plug 

4.0 

60.1 

9. 

Control  Alternator 

2.8 

62.9 

10. 

Sec.  Noe.  Puap 

2.7 

65.6 

11. 

Press.  &  Drain  Valve 

2.4 

68.0 

12. 

Main  Lube  &  Scav.  Puap 

2.2 

70.2 

13. 

Coap.  Inlet  Temp.  Sensor 

2.1 

72.3 

14. 

Variable  Stator  Feedback 

2.1 

74.1 

15. 

Flow  Div.  A  Sal.  Valve 

2.0 

76.4 

16. 

Pria.  Nos.  Feedback 

1.8 

78.2 

17. 

Fuel  Seg.  Valve 

1.8 

80.0 

18. 

Pilot  Burner  Filter 

1.7 

81.7 

19. 

A/B  Fuel  Control 

1.5 

83.2 

20. 

Press.  Nos.  Pump 

1.5 

84.7 

21. 

Anti-Icing  Switch 

1.3 

86.0 

22. 

Pilot  Burner 

1.0 

87.0 

28  Misc.  Components 

13.0 

100.0 

Thia  parfomance  ia  quite  typical  of  new  engine-airplane  coobinationa, 
and  ia  a  condition  that  does  not  exiat  for  long  perioda  of  tlM,  becauae 
product  Inproveaent  prograaa  concentrating  on  the  troubleaone  itema  uaually 
aolve  conponent  problena  of  thia  kind  very  quickly. 


The  reaulta  of  inveatlgating  engine  failure  ratea  (i.e.,  power  loaa 
avanta),  va.  engine  age  are  ahown  on  Fig.  1.  Thia  curve  illuatratea  chat 
aa  far  aa  the  data  goea,  which  io.  mly  to  two  hundred  houra  flight  tine, 
that  wear-out  phenoaena  are  not  caualng  the  engine  failurea  that  are  occur¬ 
ring,  but  rather  they  ore  cauaad  by  randoa  operating  axceaaea  or  natarial 
inconaiatenciea . 
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Data  on  tha  twin  apool  anglnaa  waa  at^pllad  bp  Fratt  ft  Vhitnap  Air> 
craft.  Followlnt  ara  aavaral  asearpta  froa  tha  tranaaittal  lattar  aceoa- 
panyinp  tha  data. 

"It  can  ha  aaan  froa  thaaa  llatlnga  (aalfunetlon  dataetlon  aaana  - 
Table  6)  that  tha  aU^la  act  of  looking  at  the  angina  with  a  knowing  and 
critical  glance  turna  up  aany,  If  not  a  auijorlty  of  tha  aalfunetlon  avl> 
dancaa.  Wa  faal  that  power  plant  Inapaetlons  will  raaaln  high  on  tha  Hat 
of  naceaaary  prevantlva  actions  for  aany  years  to  eoaa." 

"It  should  ba  particularly  Intarastlng  to  note  how  tha  pattern  of 
nalfunctlona  change  froa  year  to  year,  ->  Thaaa  factors  of  the  changing 
pattern  of  sMlf unctions  ara  one  reason  why  an  angina  aonltorlng  syataa 
should  ba  capable  of  sensing  tha  waxlaun  nuabar  of  angina  parawatars  In 
ordar  that  It  ba  useful  over  the  entire  Ufa  of  tha  angina." 

A  suanary  of  tha  data  (Table  4)  ahowa  that  tha  highest  tan  failure 
Itans  In  1958  ware  not  the  woat  Isqwrtant  In  succaadlng  yaara. 

TABLE  4 


NALFlINCnOM  CHMGB  VS.  TUB 

Percent  of  Halfunetlons  Covered 

Ytar 

by  10  Most  laportant  Itaaa  In  .1958 

1958 

80 

1959 

75 

1960 

30 

In  succaadlng  yaara  (Table  5)  tha  tan  hlghaat  failure  Itaaa  in  oaeh 
year  cover  a  awallar  pareantaga  of  tha  total  trouble. 
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Year 

Percent  of  Melfunetlone  Covered 
by  10  Hoet  laportent  Iteae  in  Teer  Lleted 

1958 

80 

1959 

78 

1960 

50 

This  points  out  that,  with  axperlenee,  Mjor  problana  ara  racognltad, 
remadias  found,  and  reduction  of  trouble  froB  the  big  Itau  Incraasaa  the 
ninber  of  Items  needed  to  detect  any  given  percent  of  total  malfunctions. 


The  most  Important  means  of  detecting  suilfunctlons  are  summarlaed  on 
Table  6  below. 


TABLE  6 

MALTONCTIOW  DETECTION  MEANS 


Detection  Means 

Percent  of  Malfunctions*  1 

1958 

1959 

I960 

External  Visual  Insp. 

39 

11 

18 

Oil  Loss  ** 

27 

62 

22 

High  EGT 

10 

3 

3 

Internal  Visual  Insp. 

9 

4 

6 

Gas  Generator  Curves 

2 

2 

3 

Vibration  *** 

2 

7 

5 

High  Breather  Press. 

0 

3 

0 

a  Percentages  do  not  add  up  to  total  of  Table  4  &  5  becauae  many  mal¬ 
functions  are  detected  by  more  than  one  Mans. 

Includes  oil  overboardt  oil  consimptlon  and  oil  leaks. 

^resMany  of  engines  covered  by  report  not  equipped  with  vibration  monitor¬ 
ing  equlpMnt .  | 


Tables  4,  5,  and  6  verify  the  stateMnts  quoted  from  Pratt  &  Vhltnay's 
transmittal  letter.  Data  from  General  Electric  was  not  broken  down  vs.  tlM, 
hence  docisnentatlon  of  supporting  evidence  la  not  available.  However,  the 
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laplleatloM  of  tb*  •hlftlng  poctora  of  Mlfuactlons  with  tiao  war*  v«rltl«4 
by  oral  dlMusalono  with  (S  Bngliio  Dapts. 

Both  angina  aanufaeturara  gava  data  ahowlng  tha  raaaon  for  ovarhaul 
on  thalr  raapactlva  anglnaa.  Dlffarancaa  in  praaantatlon  and  intarpratatlon 
can  ba  axpactad  to  cauaa  aoaa  dlffarancaa  In  tha  nuabara  abown  for  tha  varlr 
oua  ItaoM,  and  corraapondlng  auaaarlaa  covarlng  dlffarant  tlaa  parloda  would 
undoubtadly  ahow  a  aoaawhat  dlffarant  dlatrlbution  of  tha  raaaona  for  ovdr- 
haul.  Houhvar,  tha  data  ahrwn  In  Tabla  7  corralata  vary  wall  ao  that  a  eoa- 
mon  ayatea  of  angina  analyala  la  not  pracludad  by  draatlcally  dlffarant  prob- 
laa  araaa.  Tha  aajor  dlffaranca  In  tha  flguraa  occura  In  tha  raaovala  for 
vibration,  and  It  waa  pravloualy  polntad  out  (Tabla  6)  that  vibration  aaaa- 
uraaant  waa  not  uaad  to  praacrlba  ovarhaul  action  for  tha  twin  apool  anglnaa. 
Review  of  alngle  apool  angina  data  for  a  later  period  ahowa  a  auch  lower 
vibration  Incidence  and  Indlcataa  that  thla  waa  one  of  tha  problaan  peculiar 
to  a  particular  tine  period  that  haa  been  corrected  by  raaedlal  action. 


TABLE  7 

OVERHAUL  DATA  8UI1ARY 


Sftatofi  for  BMoval 

Percent  of  0/H  Act Iona  1 

GE  Data 

FW  Dtta 

vibration 

29.2 

2.2 

High  EGT 

4.8 

2.9 

Low  Parfona. 

O.S 

0.7 

Unknom 

12.4 

4.8 

Oil  SystM 

22.2 

22.8 

Baala 

13.6 

19.6 

Coapraaaor 

4.9 

7.6 

Baarlnga 

3.7 

2.8 

Turbina 

1.6 

5.2 

Hardware 

0.9 

8.3 

lOV 

0.9 

... 

Coabuat.  Chanb. 

0.6 

0.4 

Fuel  Syataaa 

0.4 

2.1 

16 
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Statistical  data  on  angina  failuras  was  not  obtained  fron  tba  eoanar* 
eial  airlines  because  the  non-aftarbuming  engines  they  use,  their  use  of 
the  engines,  and  their  overhaul  policies  are  so  different  from  the  Air 
Force  that  data  of  this  kind  could  not  be  considered  conparable.  Hoirever, 
a  survey  of  airline  practices  in  nalfunction  detection  vas  nada  and  their 
experience  is  worthy  of  note. 

Practically  all  of  the  airlines  have  had  some  experience  with  vibra¬ 
tion  measurements  with  varying  degrees  of  success.  The  vibration  measure¬ 
ments  are  usually  made  with  pickups  at  either  the  diffuser  case  or  turbine 
frame  or  both.  The  pickup  signals  are  filtered  selectively  throu^  '*high 
pass*'  filters  to  remove  low  frequency  air  frame  vibrations.  Two  filters 
are  used  on  twin  spool  engines  to  provide  some  separation  of  **hl"  and  "lo" 
rotor  frequencies.  Measurements  are  generally  made  quite  frequently  dur¬ 
ing  the  cruise  portion  of  the  flight  (read  every  15  minutes,  recorded  every 
30  minutes,  on  one  airline).  The  In-fllght  vibration  measurement  Is  used 
to  prescribe  engine  shut  down  under  some  circumstances. 

Reports  of  the  effectiveness  of  the  vibration  measuresient  In  providing 
early  warning  of  engine  malfunction  and  dmnage  limitation  range  from  a  fig¬ 
ure  of  80-90  percent  of  confirmed  vibration  Incidents  (Am  Airlines  -  PW 
Report  FLOE-25)  to  reports  of  so  many  false  Indications  that  the  measurement 
has  been  discontinued  at  least  for  a  time.  One  airline  has  reported  vibra¬ 
tion  variations  of  40X  on  a  single  flight  In  steady  state  cruise  on  a  *'good" 
engine  and  has  also  noted  correlation  of  vibration  with  altitude  and  fuel 
flow  on  some  engines.  Most  airlines  are  working  with  vibration  to  develop 
the  techniques  of  measurement  and  interpretation. 
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Mom  of  tte  olrllMO  or*  eurrontly  Mint  •  tlao-tMipnrnttarn  Indnx  for 
hot  ooctlon  parts  Ilfs  slthou^  aost  of  than  havs  lavastitstad  this  paraa- 
atar  and  aara  la^rasaad  with  Its  potantlal.  Tha  raaaona  for  not  Ming  It 
ara  tha  uneartalnty  of  tha  function  for  Intagratlon,  tha  uncertainty  of 
the  Units,  and  the  legel  specification  of  allowable  tlae  between  overhauls. 

Ifeasureaent  of  perfonsance  sensitive  parsneters  for  the  detection  and 
prediction  of  Jet  engine  aelfunctlons  le  relatively  new  In  the  airlines, 
and  little  deta  correlating  nalfunctlons  with  aeasuraaants  Is  available. 
However,  aost  of  the  elrllnM  have  deta  collection  end  analyals  syataas  of 
varloM  degrees  of  sophistication. 

Data  collection  about  once  or  twice  a  flight  by  the  fll^t  englMar 
Is  coMldared  adequate.  8oae  airlines  correct  the  observed  deta  for  enbl- 
ent  pressure  end  ran  air  tenperature,  others  coapare  tha  perforaance  of 
each  engine  to  the  average  of  the  four  engines  on  the  alrplsM  to  detect 
changes  In  one  engine  froa  tha  average  of  tha  four.  In  aost  caaas  there 
Is  sons  date  reduction  and  coaputlng  done  In  flight  by  the  fll^t  engineer, 
and  In  some  cases  tha  complete  data  reduction  and  plotting  with  a  data 
smoothing  technlqM  Is  dona  In  flight  eo  that  on  landing,  a  com>lete  hla- 
tory  of  the  last  30  to  SO  flights  Is  lamedlately  avallabla. 

Groupd  based  automatic  data  logging  at  a  central  location  Is  Mad  to 
maintain  a  cosq^leta  hletory  of  aach  englM.  This  history  Is  from  four  to 
ten  flights  behind  the  alrplsM.  It  Is  available  to  sMlntenance  crews 
throu(^  telaphoM  or  telegraph  at  any  tisw  It  Is  wantad,  and  la  also  usad 
for  long  tlma  statistical  stadias  of  flaat  parformanea.  Analysla  of  sosw 
perfotnanca  deta  haa  shown  that  ovar  long  parloda  of  tlma  aneompMslng  many 
overhauls  thsra  Is  a  small  Inereaaa  In  azhaMt  gM  tamparature  and  a  sswll 
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IficMMt  in  tpnclfle  £m1  consumption.  So  far  thoso  art  tha  only  manifastm 
tions  of  *H#aar  out*'  phanomanai  but  no  anginas  hava  baan  daelarad  unaatis* 
factory  for  usa  on  tha  basis  of  thasa  minor  datariorationa  in  parformanca* 

A  raport  from  Trans  Canada  Airlinas,  '^arhaul  Life  Dsvalopmant  and  Early 
Failure  Dataction  of  Gas  Turbina  Bnginas'9  by  J.  J.  Bdan  in  Juna  1962  makas 
tha  statamant  that  angina  failures  axpariancad  by  TCA  cannot  ba  corrclatad 
with  total  angina  time  nor  time  since  overhaul. 

Host  airlines  ware  very  cautious  in  their  stataamnts  regarding  angina 
condition  determination  through  maasuramant  of  performance  sensitive  param¬ 
eters  because  the  controlled  programs  in  this  ayaa  are  Just  getting  started. 
However 9  instances  of  detecting  damaged  burner  cans,  damaged  turbines,  and 
fouled  contpressors  were  quoted.  The  fact  that  the  airlines  are  initiating 
these  programs  at  considerable  expense  indicates  they  believe  there  are 
worthwhile  economies  and  safety  Improvements  to  be  obtained  from  analysis 
of  these  records. 

2.2.5  Failure  Data  Discussion 

Engine  failures  can  be  classified  by  the  nature  of  their  occurrence  as: 

1.  Very  slow  deterioration 

2*  Relatively  rapid  deterioration  or  sudden  change  -  not 
catastrophic 

3.  Sudden  catastrophic  failure 

The  first  class  of  deteriorations  is  typical  of  gradual  erosion  from 
external  sources*  The  second  class  of  deteriorations  is  typified  by  bearing 
or  burner  deterioration  that  create  a  condition  which  causes  a  progressively 
Increasing  deterioration  rate,  while  the  third  class  is  exemplified  by 
catastrophic  foreign  object  dmsage. 
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Tta*  •uddtn  cctMtrophie  failure  that  glvaa  no  warning  of  ita  iaaiiaanea 
(aueh  aa  foreign  object  daaage)  baa  baan  recogniaad  froa  tha  beginning  aa 
a  kind  of  failure  whoaa  prediction  ia  iapoaaible. 

The  relatively  rapid  deterioration  or  audden  change  that  ia  not  iMMd* 
lately  cataatrophlc  is  tha  kind  of  event  that  can  be  detected  throu^  chron* 
ologieal  records  of  pertinent  neasureoients  •  Early  detection  of  these  events 
is  very  important  in  reducing  possible  secondary  damage  caused  by  a  rela* 
tively  Insignificant  failure.  Much  of  the  study  effort  has  been  directed 
at  the  selection  and  treatment  of  parsMters  vhich  should  be  monitored  to 
detect  these  events  that  are  reflected  in  the  thermodynamic  performance  of 
the  engine. 

The  very  sloe  deterioration  that  is  sometimes  considered  normal  wear 
out  is  detected  by  the  same  measurement  as  the  rapid  deteriorations  only 
it  occurs  much  more  gradually.  Although  present  evidence  does  not  Indicate 
that  Jet  engine  failures  are  occurring  from  this  cause,  chronological  rec¬ 
ords  of  performance  sensitive  and  non-performance  sensitive  parameters  are 
the  only  means  known  for  detecting  this  kind  of  change  and  providing  an 
estimate  of  the  rate  of  deterioration. 

Since  consideration  has  been  given  to  the  use  of  the  engine  analyser 
to  extend  overhaul  periods,  it  should  be  pointed  out  that  operating  a  sys¬ 
tem  in  the  period  of  time  when  component  wearout  is  effective  in  causing 
failures,  provides  an  extremely  unreliable  system  performance  and  is  a  con¬ 
dition  of  operation  that  should  be  avoided.  The  ability  of  the  engine  anal¬ 
yser  to  detect  either  the  gradual^  wear  out  or  rapidly  occurring  non-cata- 
atrophic  event  should  be  used  to  insure  that  engines  are  not  being  used  into 
the  period  when  wear  out  failures  are  significant. 
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Examining  tha  data  ralatlng  to  tha  Claaa  2  falluraft  tha  aingla  apool 
angina  data  Indlcataa  that  many  mora  falluraa  (a  fallura  la  claaalflad  aa 
a  lOX  thruat  loaa  from  tha  operating  pomar  laval)  ara  due  to  tha  controla 
and  accesaoriaa  (Table  2)  than  ara  dim  to  tha  main  angina.  (Although  fig* 
urea  were  not  available  for  twin  apool  englnaa  for  comparlaon,  the  general 
ratio  waa  corroborated  In  oral  dlacuaalon  with  PW.)  Thia  la  an  area  of 
the  engine  where  meaaurementa  of  condition  are  not  generally  advlaabla  (See 
Par.  2.6.1) »  thua  knowledge  of  these  control  and  accessory  Inspired  events 
Is  In  general  not  available. 

Under  these  conditions  aa  reviewed  with  respect  to  the  control  and 
accessory  area,  and  recognizing  the  random  nature  of  the  majority  of  engine 
Incidents 9  total  life  prediction  on  a  specific  engine  cannot  be  considered 
highly  accurate.  Subsequent  sections  of  this  report  describe  the  measure¬ 
ments  and  procedures  that  will  provide  early  detection  of  those  faults  which 
give  warning  prior  to  their  occurrence. 
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2.3 


Non»Performanct  Smaitive  Maaiurwientt 


Two  general  degradations  can  take  place  in  an  engine.  (1)  those 
which  result  in  impairment  of  the  mechanical  integrity  of  the  engine 
but  are  not  reflected  in  its  thermodynamic  performance,  and  (2)  those 
which  result  in  a  change  in  the  thermodynamic  cycle  of  the  engine.  A 
complete  engine  analyzer  system  should  be  capable  of  detecting  both 
kinds  of  deterioration  and  providing  interpretable  data  about  them. 

This  section  discusses  the  first  category  of  deteriorations  which 
are  called  non-performance  sensitive,  and  do  not  affect  the  thermody¬ 
namic  cycle  of  the  engine.  Three  such  measurements  are  considered 
worthy  of  evaluation  and  development  in  a  continuing  program  for  en¬ 
gine  analysis,  they  are  (1)  Vibration  (2)  Time-Temperature  (3)  Lubri-* 
cation  Contamination. 

2.3.1  Vibration 

Vibration  analysis  of  Jet  engines  is  currently  being  studied 
carefully  by  practically  all  segments  of  the  industry  concerned  with 
jet  engine  operation,  maintenance,  and  manufacture.  It  is  regarded 
generally  as  a  very  valuable  index  of  the  mechanical  condition  of  the 
engine.  The  accuracy  and  extent  to  which  vibration  data  can  isolate 
the  location  and  magnitude  of  specific  faults  has  not  been  completely 
demonstrated. 

In  other  industries,  notably  electric  motor  manufacture,  air 
conditioning  equipment  manufacture,  and  some  segments  of  the  autcxao- 
tive  industry  vibration  measuring  techniques  have  been  developed  for 
production  inspection  operations  with  a  high  degree  of  success  -  a 
success  due  in  large  part  to  the  ability  of  the  technique  to  Isolate 
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tht  faulty  componantt  of  complax  aaaanil>liaa  quickly  and  accurataly. 

The  evidence  accumulated  indicates  that  this  same  auccesa  may  be 
achieved  by  vibration  analyaia  of  Jet  engines.  However »  the  tech* 
niques  for  using  vibration  of  jet  engines  have  not  been  developed 
sufficiently  to  permit  the  specification,  with  assurance,  of  either 
equipment  or  procedures  that  will  provide  data  that  can  be  interpreted 
satisfactorily. 

Most  vibration  equipment  in  use  today  senses  the  total  vibration 
in  a  single  direction  with  one  or  two  pickup  locations  on  the  engine. 
(See  par.  2.2.4)  The  data  has  been  used  in  a  precautionary  way  (i.e., 
remove  from  service  engines  showing  out  of  limit  performance)  rather 
than  diagnostically  (locating  the  source  of  trouble  directly  from  vi* 
bration  measurement) .  Varied  degrees  of  success  are  reported  for  this 
kind  of  vibration  measurement  (See  par.  2.2.4)  and  continued  effort  is 
being  expended  on  developing  techniques  of  measurement  and  interpreta¬ 
tion. 


More  elaborate  equipment  is  available  which  utilises  means  of 
examining  vibration  frequencies  of  specific  ratios  to  some  engine 
characteristic  frequency  (usually  rotor  speed) .  With  this  equipment 
it  is  possible  to  examine  the  rotating  frequencies  of  engine  acces¬ 
sories,  pumps,  generators,  etc.  in  more  detail  and  isolated  from  the 
main  rotor  vibration  which  usually  is  larger.  As  yet,  verification 
of  the  ability  to  Isolate  faults  to  a  specific  component  or  engine 
area,  on  a  statistically  significant  number  of  cases,  has  not  been 
found. 

A  very  extensive  program  to  develop  this  approach  to  vibration 
measurement  through  mathematical  analysis  of  the  engine  correlated 
with  measurements  is  underway  on  Air  Force  Contracts  AF  34(601) -4412 
and  AF  34(601) -9593  at  the  University  of  Oklahoma.  This  work  has  pro- 
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8r«t««d  throuth  th*  MtablithBMmt  of  •  procoduro  for  pii^lntiiig 
many  mchanleal  faoltt  Co  txporlMntal  voriflcatioa  of  tho  thoerotl- 
cal  analyala.  Raaulta  of  tha  vtriflcation  progrva  aro  not  avallabla 
at  thia  writing. 

Tha  proeaduraa  tantatlvaly  contanplatad  throuf^  thla  atudy  can 
ba  parfoTBMd  ralatlvaly  alnply  In  a  tast  atand,  howavar.  In-flight 
parformanca  of  tha  proeaduraa  would  ba  qulta  Inpraetlealt  and  avan 
flight  llna  parfomanca  of  than  would  ba  an  arduoua  and  tlna  conauadng 
oparatlon.  Thla  propoaad  analyala  nathod  haa  a  graat  daal  nora  alg> 
nlflcanca  aa  a  datallad  diagnostic  tool  aftar  alnplar  proeaduraa  hava 
detamlnad  tha  raqulraaant  for  thla  detail. 

Tha  moat  cooplax  aqulpaant  haa  tha  capability  of  axamlnlng  a 
ranga  of  fraquanclaa  up  to  20  Kc/aac  through  a  vary  narrow  band  paaa 
filter ,  picking  out  apaclflc  fraquanclaa  for  axamlnatlon.  This  la  tha 
moat  genaral  approach,  and  potentially  tha  moat  powerful.  Moat  ax> 
parlance  with  thla  equipment  la  with  Induatrlal  rather  than  Jet  angina 
applications  but  there  la  considerable  similarity  In  the  problaaw. 

Tha  application  of  thla  method  to  the  Inspection  of  automotive 
differentials,  air  conditioning  units,  electric  emtors  and  watches 
la  reported  in  tha  Bruel  &  KJaar  Technical  Review  of  April  19S7.  In 
thla  review  it  la  pointed  out  that  not  only  la  a  go-no  go  Inspection 
parfomad  but  that  tha  teat  record  provides  a  dlagnoala  of  tha  ailing 
coivonant  of  tha  aaaaaibly. 

Casa  histories  of  several  airplane  vibration  prdblama  solved  by 
use  of  assantlally  tha  "algnatura"  method  are  reported  In  a  paper 
"BHadnatlon  of  Vibration  aa  a  Destructive  and  Costly  llament  In  Air 
Tores  Material"  by  Halter  M.  Baas,  AMC,  Hrlg^t  Tattarson  ATB. 


'24 


AfD^Tni-d2-97r 


From  tht  vibrAtion  mMourint  •quipmmt  mvAllAblA,  tht  mcemss  in 
industrial  usa  of  this  parisatar»  and  tha  conflicting  avidanca  from  tha  jat 
angina  fiald  on  tha  usa  of  broad  band  vibration  maasuramants,  it  is  apparant 
that  an  avaluation  program  for  vibration  analysis  of  Jat  anginas  is  in  ordar. 
This  program  should  examine  carefully  and  datarmina  tha  area  of  application 
of  each  of  the  three  fundamental  methods  of  vibration  vhich  can  be  described 


a)  A  gross  vibration  measurement  in  which  a  vibration  index  encom* 
passing  a  broad  frequency  band  is  measured  (broad  band  vibration 
method) 

b)  A  scan  of  a  vibration  index  vs*  engine  speed  in  %vhich  certain 
frequency  ratios  to  main  rotor  frequency  are  monitored*  (tach* 
ratio  method) 

c)  A  panoramic  scan  of  vibration  index  vs.  frequency  at  constant 
engine  speed  and  with  a  narrw  band  pass  filter*  (vibration 
signature  method) 

Among  the  items  comprising  the  techniques  that  require  development  are 

1.  The  bandwidth  and  attenuation  characteristics  of  the  filters 

2*  The  scan  rates 

3.  The  number  and  location  of  the  sensors 

4*  The  best  units  of  vibration  measurement  (i.e.>  amplitude, 
velocity,  acceleration) 

5*  The  best  engine  speed  or  speeds 
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6.  Th«  £r«qu«ncy  range 


A  progrea  for  eveluetlon  of  vibration  ■aaauraaant  la  propoaad  in 
Section  3. 

2.3.2  Tiaw-Tanparature 

One  of  the  critical  deterioration  ereaa  of  a  Jot  engine  ia  in  the 
"hot"  aectlon  containing  tha  coodiuetora,  turbine  nocale  guide  vanea, 
end  turbine.  In  thia  region  aging  or  deterioration  ia  of  priatary  ia- 
portance  becauae  failure  of  theae  conponente  can  cauae  entenaive  aec* 
ondary  daeage  to  the  engine  and  in  acaw  caaee  to  the  airfraee.  In 
apite  of  the  advanced  atate  of  the  art  in  Jet  engine  nanufacture  there 
ia  no  aure  aethod  for  oeaeuring  the  "ag«"  of  Jet  engine  hot  dectlena 
in  aervice. 

There  are  at  leaat  two  aodee  of  deterioration  of  hot  eection 
cooponenta.  One  ie  through  growth  or  creep  of  the  parta  under  atreaa 
end  teaperature,  and  the  other  ia  cracking  due  to  internal  atreaaea 
generated  by  teaperature  gradienta. 

Growth  or  creep  of  aateriale  under  atreaa  and  teaperature  hac 
bean  atudied  for  aeny  year a,  yet  a  coapletely  aatiafactory  theory 
explaining  it  or  aMtheaatical  deacriptiOn  of  it  haa  not  hean  deviaod. 
General  atudiea  of  the  aubject  ahow  that  the  cre^  or  growth  ia  a 
non-linear  function  of  tiae,  teaperature,  and  atraaa.  Tha  curvea  of 
Fig.  2  ahow  the  general  fom  of  thia  function  at  one  ta^^rtture  and 
three  atreaa  levela. 
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rut  ? 


Creep  w  Vme 


Tim-Tempsrature-Stress  Characteristic 

Three  general  kinds  of  creep  are  evidenced  in  these  curves;  initial 
deformation  at  relatively  high  strain  rates  (1);  the  period  of  constant  or 
minimum  strain  rate  for  the  applied  stress  (2);  and  the  final  deformation 
prior  to  rupture  at  an  increasing  strain  rate  caused  by  "necking  down"  of 
the  cross-*sectional  area  due  to  deformation  (3).  For  higher  temperatures 
the  general  shape  of  the  curves  is  about  the  same  but  the  slope  (i.e., 
creep  rate  is  greater) . 

Empirical  correlation  of  data  on  the  materials  and  application  in  some 
jet  engines  has  led  to  the  definition  of  a  "hot  section  factor/'  F.  This 
hot  section  factor  is  the  ratio  of  the  rate  of  creep  of  the  hot  section 
components  at  some  temperature  T  to  the  rate  of  creep  at  temperature 
which  is  a  reference  temperature  below  which  the  rate  of  creep  is  consid¬ 
ered  constant  and  very  small.  It  has  been  proposed  that  integrating  the 
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factor  vs.  tlma  will  provide  a  maaoura  of  tha  '*a<|ulvalaiit**  hours  of 
angina  oparation  which  is  tha  "aga*'  of  tha  angina. 

Engina  Aga  • 

On  soma  anginas »  thara  is  avidanca  that  tha  hot  saction  factor  "F” 
can  be  dascribad  by  an  aquation  of  tha  form 

V  m  € 

where  the  tenq^erature  T  is  the  eidiaust  gas  temperature  measured  down  stream 
from  the  turbine. 

This  form  of  the  hot  saction  factor,  as  a  function  of  temparatura 
only,  applies  generally  only  to  fixed  geometry  engines.  Variable  geometry 
engines  in  which  the  exhaust  gas  temperature  is  controlled  by  varying  the 
exit  nozzle  area  require  a  bias  of  the  E.G.T.  as  a  function  of  some  meas¬ 
urement  up-stream  of  the  hot  section.  At  this  writing  the  form  of  the 
equation  describing  the  hot  section  factor  for  variable  exit  geometry  en¬ 
gines  has  not  been  crystallized. 

Since  the  temperature  being  measured  is  not  the  actual  temperature  of 
the  components,  evaluation  of  the  constants  and  establishment  of  the  limits 
must  be  done  on  each  engine  model,  and  it  may  be  that  different  components 
in  the  engine  such  as  burner  cans,  nozzle  guide  vanes,  turbine  buckets, 
etc.,  will  have  different  factors  to  integrate.  Extensive  testing  on  en¬ 
gines  is  required  to  establish  these  facts  with  certainty.  Some  initial 
work  along  these  lines  has  been  started  at  Andrews  AFB  using  the  F106  air¬ 
plane  as  a  test  vehicle.  The  objective  of  the  program  is  to  obtain  corre¬ 
lation  of  hot  section  deterioration  with  an  estimated  hot  section  factor. 


28 


ASD-Tn-62-97S 


Rasultt  froa  th«  progrvi  arc  unavailable  at  thla  writing. 


Tha  above  dlaeuaaion  rafera  only  to  the  creep  or  growth  of  engine  hot 
aection  coopooenta  under  atreaa  and  tewperatura.  The  aeeond  node  of  fail¬ 
ure,  cracking  due  to  internal  atreeaea  ganereted  aa  a  function  of  tewpere- 
ture  gradienta,  followa  quite  different  lawa.  With  anginea  that  are  fall¬ 
ing  in  thia  node,  the  nuad>er  and  aeverity  of  taaperature  tranaienta  are 
nore  iinportant  than  tine  at  any  particular  teaser ature.  Correlation  of 
engine  condition  with  ninaber  of  atarta,  or  nuad>er  of  conplete  cyclea  haa 
been  uaed  in  aone  caaea.  A  great  deal  nore  atudy  of  thia  node  of  failure 
la  required  before  it  will  be  poaaible  to  deacribe  with  aaaurancc  a  neaaure- 
nent  other  than  phyaical  inapection  that  will  accurately  portray  thia  dete¬ 
rioration  oil  tboae  enginea  where  it  ia  significant. 

Section  3.0  describes  an  evaluation  procedure  that  can  be  easily  inte¬ 
grated  with  the  evaluation  tests  of  the  perfomance  sensitive  paraneters 
and  will  help  in  establishing  the  hot  aection  factor  relation  to  life  if 
the  teat  vehicle  selected  has  hot  section  life  limited  by  creep  or  growth. 

2.3.3  Oil  Contamination  Analysis 

Measurement  of  the  level  of  the  metallic  contaadnants  in  the  lubricat¬ 
ing  oil  has  been  proposed  as  a  method  of  detecting  mechanical  distress  of 
the  oil  wetted  parts  of  the  engine.  This  method  haa  been  uaed  by  railroads 
for  some  time  in  determining  the  condition  of  diesel  equipment.  In  1935, 
the  Fleet  leadlness  Group  of  the  Bureau  of  Maval  Weapons  initiated  a  project 
at  Pensacola  to  determine  if  this  concept  were  applicable  to  aircraft  piston 
engines.  The  conclusions  were  favorable,  (AD268305)  and  early  in  1961  the 
Navy  was  monitoring  2200  engines  and  helicopter  tranamiaaions  by  spectro- 
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graphic  oil  analyaio.  Coo^lata  atatistical  data  has  not  baan  raquaatad  from 
this  oparation  but  ovar  a  pariod  of  aavaral  months  on  483  anginas  baing  moni- 
torad  34  actions  vara  takan  of  vhich  33  vara  varifiad  by  tha  findings  and  ona 
was  not. 

Mora  racantly  and  mora  appropriata  to  Jat  anginas.  Trans  Canada  Airlinas 
has  axaainad  contamination  analysis  of  lubricating  oil  on  thair  Jat  anginas 
and  report  quite  favorably  on  it.  ("Overhaul  Life  Davalopaant  and  Early  Failure 
Detection  of  Gas  Turbina  Engines"  by  J.  J.  Edan»  June  1962).  No  anginas  have 
been  removed  so  far  on  the  basis  of  the  apactrographic  analysis  aa  tha  "objac* 
tive  of  tha  program  has  been  to  establish  in  retrospect  vhathar  correlation 
between  failure  and  metal  conten**  was  consistent."  "In  tha  case  of  tha  Conway 
engine  very  good  correlation  between  iron  concent  and  bearing  failure  has  baan 
obtained.  Iron  has  been  the  only  element  giving  correlation  to  data.  This  has 
been  obtained  in  a  positive  form  which  would  permit  tha  setting  of  contamination 
levels  of  Normal.  Suspect,  and  Danger."  "A  similar  program  is  underway  on  tha 
Tyne  engine  results  are  not  as  clear  as  for  tha  Conway  angina  —  further 
experience  is  necessary  before  deciding  whether  correlation  exists*"  Tha  TGA 
report  further  indicates  that  bearing  distress  detected  early  required  an  av¬ 
erage  of  $4000  worth  of  material  to  repair,  whereas  bearing  failures  in-fli^t 
required  an  average  of  $50,000  worth  of  material  to  repair. 

Examining  the  concept  of  oil  contamination  analysis  indicates  many  prob¬ 
lems.  The  main  parts  of  tha  angina  which  shed  particles  into  the  oil  system 
are  bearings,  gears,  seals,  and  splines.  Tha  part  idea  that  appear  in  the  oil 
system  occur  in  a  wide  range  of  sites.  Tha  smallest  remain  in  suapansion  in¬ 
definitely  in  the  oil  -  these  little  particles  coma  from  fretting  types  of 
wear  such  as  bearing  laca  spinning  or  spline  wear.  The  larger  particles  will 
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gmtrally  not  stay  in  ouoponsion  mad  tond  to  got  caught  in  eornoro 
of  tho  tcavongo  syotM  «  thooo  Urgor  partlclof  com  nootly  fron 
fatigue  failures  in  balls »  rollers  and  races  sf  anti-friction  bear¬ 
ings  and  gear  tooth  spalling. 

The  small  particles  suspended  in  the  oil  can  be  detected  best 
by  quantitative  spectrographic  analysis  of  the  oil.  The  larger  par¬ 
ticles  are  very  apt  to  be  missed  in  the  spectrographic  sample  and  are 
best  detected  by  strategically  located  magnetic  plugs  or  examination 
of  the  oil  filter  contents.  The  advantage  of  these  Mthods  is  that 
they  seem  to  provide  an  early  enough  warning  so  that  action  can  be 
taken  before  extensive  damage  has  been  done  to  the  engine.  The  dis¬ 
advantage  is  that  the  methods  require  considerable  attention  from 
well-trained,  conscientious  personnel. 

The  problems  of  oil  contamination  analysis  then  can  be  summarized 
in  two  general  classifications. 

1.  Contamination  detection  means  and  interpretation  of 
contamination  level 

2.  The  sample  handling  and  data  communication  problem 

Indications  from  the  TGA  tests  are  sufficiently  encouraging  to 
suggest  that  an  evaluation  on  USAF  airplanes  be  made  to  investigate  at 
first  hand  the  correlation,  and  communications  probleM  involved. 
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2.4  BmIm  Analytlt  with  POTfor— nc#  Stmtltlv  Para—w 


This  Sttction  suflanarlsat  thm  nethodt  d«v«lop«d  to  dotemino  tho  do* 
terioration  or  parfonBAnce  changas  of  slngla  and  twin  spool  Jat  anginas 
from  tha  maasurament  of  tharmodynamic  parformanca  sansitiva  paraaatars. 

A  detailed  description  and  development  of  the  Mthods  is  covered  in 
Appendix  I. 

2.4.1  Single  Spool  Bnaln*  Performance  Aoalvls 

The  single  spool  engine  analysis  method  uses  a  comparison  of  pre¬ 
dicted  and  measured  exhaust  gas  temperature  to  indicate  a  change  in  tha 
engine  performance.  Using  these  EGT  comparisons  through  a  system  of 
quantitative  logic,  engine  deterioration  can  be  isolated  to  the  isajor 
functional  components  of  the  engine  (i.e.  ,  tha  compressor,  combustor,  or 
turbine)  and  simultaneously  occurring  deteriorations  can  be  separated. 

In  the  analysis  procedure,  a  "predicted**  exhaust  gas  temperature  is 
determined  from  curves  based  on  the  performance  of  an  ideal  engine. 

These  curves  are  illustrated  in  Fig.  3  below.  From  simultaneous  obser¬ 
vations  of  the  engine  speed,  pressure  ratio,  fuel  flow,  and  compressor 
static  pressure  ratio,  three  values  of  corrected  EGT  are  predicted.  The 
difference  between  these  predicted  EGT's  and  the  measured  EGT  is  an  index 
of  deviation  of  a  specific  engine  from  the  average  or  generic  engine. 
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This  dlffarmc*  unl««*  It  !•  Itrg*  It  g«n«rally  not  ■Ignlfleoat 
•Ineo  Mnufacturlag  varlatlont  In  coapononto  and  adjuataantt  eauaa  «ngltta 
dlffarancaa.  Changaa  in  this  dl££aranca  o£  pradictad  and  aaaaurad  BGI 
during  tha  Ufa  of  an  angina  ara  Indleatlva  of  changaa  In  tha  tharao- 
dynanlc  parformance  of  tha  angina,  and  ara  uaad  aa  a  Maaura  of  angina 
datarloratlon. 


From  a  computarlced  matheaiatlcal  nodal  of  tha  angina  It  haa  baan 
poaalbla  to  relate  the  magnitude  of  the  change  In  predicted  and  neaaured 
EG!  to  the  magnitude  of  changea  In  the  performance  of  tha  functional 
componenta  of  the  engine.  Theae  relatione  can  be  arranged  In  tabular, 
or  matrix  form  aa  llluatrated  In  Table  8  below. 


TABLE  8 

SINGLE  SPOOL  ENGINE 
PERCENT  SYSTEM  SENSITIVITY  PARTULS 


Component 

Deterioration 

Function 

X  Difference  between  predicted 
and  meaaured  BGT 

Obtained  from 
^  A/'  Curvea 

Obtained  from 
/^'Curvea 

Obtained  from 
Curvea 

ryj 

Compreeaor 

^1 

®i 

Cl 

Turbine 

A2 

»2 

C2 

Burner 

A3 

»3 

C3 

In  thla  table,  tha  capital  latter  a  daalgnata  tha  magnitude  of  tha 
change  In  the  difference  between  predicted  and  meaaured  MOt  for  a  one 
percent  change  In  the  co^nant  deterioration  function.  Knowladga  of 
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th«  nuMrlcal  valuas  of  tha  capital  lattara  la  darivad  {torn  tha  **co«- 
putarisad*'  angina,  to  tha  aatrlx  can  ha  aolvad  for  tha  datarloratlon  of 
the  componanta  when  meaaurenenta  of  the  praaaurea,  fuel  flow,  engine 
apeed  and  temperature  are  known. 

Plotting  the  changes  in  component  deterioration  va  tima  ahova  any 
gradual  deterioration  or  sudden  change.  Extrapolation  of  the  trend  of 
these  measurements  until  they  reach  a  limit  provides  the  estisiate  of 
total  life  remaining  in  the  engine. 

Establishing  the  allowable  limits  on  the  component  deteriorations 
was  done  by  examining  the  effect  of  component  deterioration  on  signifi¬ 
cant  performance  characteristics  through  the  computer  simulation  of  the 
engine.  The  criteria  used  for  establishing  the  limits  are  whichever  of 
the  following  occurs  first : 

1.  lOZ  loss  in  thrust 

2.  lOX  increase  in  specific  fuel  consumption 

3.  4  times  increase  in  consumption  of  hot  section  parts  life 

4.  Any  mechanical  or  operational  difficulty  produced  by  the 
deterioration. 

On  this  basis,  the  compressor  deterioration  function  is  limited  to 
a  change  of  2%  because  this  causes  too  large  a  reduction  in  stall  mar¬ 
gin;  the  turbine  and  burner  efficiencies  are  limited  to  5  and  101  changes 
respectively  because  this  causes  a  lOX  increase  in  specific  fuel  con- 
sijmption.  These  quantitative  determinations  are  baaed  on  J79  engine  per¬ 
formance.  The  same  principles  apply  to  any  engine  although  the  cause  for 
limitation  and  the  allowable  performance  changes  may  vary  with  different 
engine  designs. 
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The  above  dlaeuaaion  was  glvan  to  daaeriba  tha  (undaaantala  of  tha 
alngla  spool  varlabla  gaoawtry  angina  analysis.  Datallad  derivation  and 
discussion  of  Rsynolds  MusfMr  offsets ,  blood  air  extraction,  etc.,  are 
given  In  Appendix  I. 
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2.4.2  Twin  Spool  Engine  Perfommce  Analvtlt 


The  twin  spool  engine  analysis  method  uses  a  comparison  of  pre*- 
dieted  and  measured  gas  generator  characteristics  to  Indicate  a  change 
In  the  engine  performance.  Theoretically  the  same  analysis  procedure 
can  be  used  on  the  twin  spool  engines  as  described  for  the  single  spool 
engines,  however,  more  measurements  of  Interstage  pressures  and  temper* 
atures  are  required  to  provide  a  solution  of  the  matrix.  Provision  for 
these  measurements  Is  nof:  generally  available  on  production  engines, 
and  in  the  opinion  of  Pratt  &  Whitney,  manufacturers  of  twin  spool  en¬ 
gines,  the  complexity  of  the  interactions  of  the  two  rotor  system  make 
the  EGT  comparison  method  of  analysis  Impractical  to  apply. 

The  analysis  method  proposed  for  the  twin  spool  engine  is  based 
on  the  approach  described  in  Pratt  and  Whitney  Gas  Turbine  Information 
Letter  No.  15.  In  this  procedure  ''predicted"  values  of  engine  rotor 
speeds,  fuel  flow,  exhaust  gas  temperature  and  compressor  pressure 
ratio  are  compared  to  measured  values  of  these  parameters.  The  pre¬ 
dicted  values  of  the  parameters  are  determined  from  curves  based  on  the 
performance  of  an  "average"  engine.  These  curves  are  illustrated  in 
Fig.  4  below.  The  difference  between  the  value  of  the  parameter  pre¬ 
dicted  from  the  measurement  of  pressure  ratio,  and  the  value  of  the 
parameter  as  measured  on  the  engine  is  an  index  of  deviation  of  a  spe¬ 
cific  engine  from  the  average,  or  generic  engine 
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This  dif£«r«iic«»  unUss  it  it  largt  it  gtntrtlly  not  tignif leant  tinea 
variationt  in  cooiponaiitt  and  adjuatmanta  cauta  angina  to  angina  diffar* 
ancat.  Changat  in  thaaa  diffarancat  of  maaturad  and  pradietad  valuat 
of  tha  paraaatart  are  indicativa  of  changat  in  the  thamodynanic  par- 
formanca  of  tha  angina »  and  are  utad  at  a  raaatura  of  angina  deter iora« 
tion* 


Plotting  the  changat  in  dlfferanca  between  predicted  and  maaturad 
valuat  vt.  time  thowt  any  gradual  deterioration  or  tuddan  change  in 
performance.  Extropolation  of  the  trend  of  theta  maaturamantt  until 
they  reach  a  limit  providet  an  eatimate  of  the  total  life  remaining  in 
the  engine. 

Ettablithing  the  allowable  limits  on  tha  parameter  changat  was  done 
bated  on  correlation  of  inspection  findings  from  test  cell  engine  oper¬ 
ation  and  engine  user  experience.  These  limits  require  verification  by 
operational  test  as  do  the  theoretically  derived  limits  for  the  single 
spool  engine. 

Isolation  of  the  cause  of  the  malfunction  is  obtained  through  rec¬ 
ognition  of  the  pattern  of  the  changes  in  the  parameters.  For  instance, 
decreasing  values  of  N][  and  N2  with  increasing  fuel  flow  and  EGT  is  in 
general  indicative  of  first  stage  turbine  seal  erosion.  Increasing 
N2  aqd  fuel  flow  with  decreasing  EGT  is  indicative  of  a  change  in  ex¬ 
haust  noasle  area,  while  increasing  Ni  fuel  flew  and  EGT  with  decreasing 
N2  shows  nozzle  guide  vane  bowing.  Simultaneously  occurring  deteriora¬ 
tions  are  not  easily  separable  through  a  logic  system,  however  there  is 
no  known  combination  of  deteriorations  that  will  give  no  change  in  all 
of  the  gas  generator  characteristics,  thus  the  general  condition  of  the 
engine  is  revealed  through  changes  in  the  paramters. 
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The  above  diecueeion  wee  given  to  deacribe  the  fundeauntale  of  the 
twin  spool  fixed  geoeietry  engine  analysis.  Detsiled  discussion  and 
procedure  for  application  ere  given  in  Appendix  I. 
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2<4.3  Lubrication  SvtMi  An*lvl« 


The  lubriceticm  eyetca  ie  e  eubeyeten  that  hletorlcelly  has  bean 
troublesome  on  all  engines.  The  problems  are  mainly  in  the  form  of 
leaks  or  contamination  that  reduces  oil  flow  to  the  required  areas*  and 
problems  with  the  venting  and  oil  seal  pressurisation.  The  faults  are 
usually  detected  by  visual  observation  of  external  oil  leaks,  excessive 
oil  consumption,  and  changes  or  fluctuations  in  oil  pressure. 

Two  different  lubrication  systems  are  in  common  use.  One  system 
uses  a  pressure  regulator  to  maintain  an  essentially  constant  pressure 
on  the  oil  distribution  system.  The  second  system  does  not  regulate 
the  pressure  except  as  a  safety  precaution  at  extreme  overpressures. 

The  methods  of  providing  early  warning  of  distress  in  these  two  systems 
necessarily  differ  in  detailed  implementation  although  the  fundamental 
concepts  used  are  the  same. 

Basically,  the  flow-pressure  relationship  in  an  hydraulic  system 
is  established  by  the  characteristics  of  the  fluid  (density,  viscosity, 
etc.)  and  the  resistance  of  the  piping  system.  It  is  this  flow-pressure 
relation  that  is  used  to  detect  changes  in  the  lube  system  performance 
that  are  indicative  of  distress.  For  instance,  leaks  in  the  piping 
system  result  in  a  decreased  resistance  to  flow.  In  a  regulated  pres¬ 
sure  system  this  decrease  in  resistance  will  be  translated  into  an 
increased  flow,  while  in  an  unregulated  pressure  system  (i.e.,  constant 
flow)  it  will  be  translated  into  a  decreased  pressure. 

The  measurements  required  for  the  lube  system  analysis  are  given 
in  Table  9  below. 
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Table  9 

Lube  System  Meaeuremente 


Unregulated 
Preeeure  System 

Regulated 

Pressure  System 

1. 

Oil  Press. 

Oil  Press. 

2. 

Oil  Tesip. 

Oil  Temp. 

3. 

Engine  Speed 

3. 

Oil  Flow 

4. 

Stmp  Press. 

Breath  Press.  Diff. 

5. 

Tank  Press. 

Scavenge  Oil  Press. 

6. 

Oil  Consump* 

Oil  Consump. 

Measurements  1,  2,  and  3  are  used  to  calculate  the  corrected  oil 
pressure  or  oil  flew,  which  is  plotted  vs*  time  to  show  long  time  dete¬ 
rioration  trends  or  sudden  changes*  In  general,  it  is  anticipated  that 
this  measurement  will  detect  clogging  of  lines  or  nozzles  the  equivalent 
of  about  one  half  or  more  of  the  smallest  nozzle,  which  should  be  ade¬ 
quate  for  early  warning  since  the  lube  system  redundancy  generally  pro¬ 
vides  th3  capability  of  operating  with  one  nozzle  plugged. 


Measurements  4  and  5  detect  seal  leaks,  vent  line  restrictions, 
vent  valve  malfunction,  etc. 


Measurement  6  is  the  most  sensitive  one  available  for  detection  of 
leaks  and  although  the  pressure  measurements  will  show  relatively  large 
leaks  the  oil  consumption  is  far  more  sensitive  for  detection  of  this 
fault. 


2. 4. 3*1  Unregulated  Pressure  Lubrication  Systems 

In  the  unregulated  pressure  lubrication  system,  a  constant  displace¬ 
ment  engine  driven  pump  provides  oil  to  the  piping  md  distribution  system. 
The  quantity  of  oil  supplied  is  directly  proportional  to  engine  speed» 
thus  the  oil  pressure  will  be  a  function  of  engine  speed.  The  character* 
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Ittlcf  of  the  lubricant  (l.a*,  viaco§ity»  danaltyi  ate.)  art  ralatad 
to  the  oil  temperature  thua  the  preaaure  will  also  be  a  function  of 
temperature.  Standardlalng,  or  correcting  the  measured  oil  pressure 
for  engine  speed  and  oil  temperature  provides  a  reference  that  Is  de¬ 
pendent  only  upon  the  distribution  system  and  pump  characteristics  and 
tl:us  can  be  used  to  detect  changes  In  these  congionents  that  are  indic¬ 
ative  of  trouble. 

For  the  unregulated  pressure  system,  the  corrected  oil  pressure 
is  given  by  the  equation  ^ 


Pc 

Is  corrected  pressure 

n, 

Is  measured  pressure 

A/ 

is  engine  speed 

r 

is  oil  temperature 

temp,  coeff.  of  density  of  the  oil 

refers  to  standard  condition 

Scc£>^ 

refers  to  measured  condition 

A  complete  derivation  of  this  equation  Is  given  In  Appendix  2. 

2. 4. 3. 2  Regulated  Pressure  Lubrication  System 

In  the  regulated  pressure  lubrication  system  a  constant  displace¬ 
ment  pump  supplies  oil  to  the  distribution  system  through  a  pressure 
regulator  that  bleeds  some  of  the  discharge  oil  back  to  the  pump  In¬ 
let  to  maintain  a  constant  pressure  on  the  distribution  system.  In 
this  system,  the  oil  pressure  is  indicative  of  the  pressure  regulator 
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p«r£onuuic«,  and  to  infer  lube  eyetes  conditicm  requires  the  meaeure- 
aent  of  oil  flow*  The  oil  flow  ia  a  function  of  oil  preaaure  (uhich 
ia  regulated).  The  characteriatics  of  the  fluid  (i.e.»  viacoaity, 
density,  etc.)  are  functions  of  oil  temperature,  thus  the  oil  flow 
will  also  be  a  function  of  temperature.  Standardising,  or  correcting 
the  measured  oil  flow  for  pressure  regulator  droop  and  temperature 
provides  a  reference  that  is  dependent  only  upon  the  lubrication  dis* 
tribution  system  and  thus  can  be  used  to  detect  changes  in  it  that 
are  indicative  of  trouble. 


For  the  regulated  pressure  system,  the  corrected  oil  flow  is 
given  by  the  equation 


where 


/■; 

corrected  oil  flow 

measured  oil  flow 

T 

oil  pressure 

T 

oil  temperature 

temp,  coeff.  of  density  of  oil 

o 

refers  to  standard  condition 

Su-h/n 

refers  to  measured  condition 

A  complete  derivation  of  this  equation  is  given  in  Appendix  2. 

If  a  perfect  pressure  regulator  were  used  the  Vz,  term  of  the 
equation  would  equal  one.  However,  the  pressure  regulators  in  general 
have  a  "drooping"  characteristic  such  that  the  pressure  is  not  abso¬ 
lutely  constant  over  the  flow  range.  This  droop  in  the  regulator  has 
been  used  to  infer  some  lube  system  problems.  It  is  not  as  sensitive 
to  changes  in  the  piping  system  as  the  corrected  flow  measurement  pro¬ 
posed  above. 
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2.5  Aiulv— r  Accuracy 


This  ••etlcm  tunaris^t  thm  Mthodt  and  data  uaad  in  aatlMting 
the  accuracy  of  tha  various  ayatama  of  angina  analyaia»  and  tha  Mthod 
of  data  amoo thing.  Datailad  diacuaaion  and  darivation  of  tha  aquationa 
ia  givan  in  Appendix  3. 

2.5.1  Analyser  Accuracy  Criterion 

Analyzer  accuracy  ia  the  ability  to  diatinguiah  between  anginaa 
that  are  operating  within  the  acceptable  limit  of  change  of  the  degra¬ 
dation  parameter  a  and  thoae  which  have  changed  more  than  the  allowable 
limit.  An  analyzer  "error**  la  an  erroneoua  indication  in  which  the 
engine  ia  ahown  to  be  outalde  of  an  acceptable  limit  (i.e.,  bad)  %fhen 
it  ia  really  inside  the  limit  (i.e.  ,  good)  or  vice  versa.  The  criterion 
of  accuracy  used  in  this  analysis  ia  the  probable,  or  mean  number  of 
tests  between  erroneous  indications.  This  is  analgous  to  the  '*mean  time 
between  failure**  criterion  in  reliability  analysis. 

The  **error8**  or  erroneoua  indications  arise  because  the  measurement 
and  computation  of  the  deterioration  parameters  are  not  per  feet,  thus 
repeated  measurements  will  not  be  exactly  the  same  value  even  if  the 
item  being  measured  has  not  in  reality  changed.  If  this  variation  of 
the  measurements  is  small  compared  to  the  allowable  limit,  then  an  ''ac¬ 
curate**  analyzer  is  obtained.  If,  however,  this  variation  in  measure¬ 
ment  is  large  compared  to  the  allowable  limit,  then  an  "inaccurate" 
analyzer  is  the  result. 
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To  ostiMto  tho  oceuraey  of  th«  umljMmt  •ysttu,  atudios  of  tii« 
vorUtion  of  tho  aMouroMiita  cnttod  by  Mnoors,  tr«it4iie«ra »  rocordlAg. 
«ii4  coayutatlon  wor*  aado  to  orrivo  at  an  aatiaata  of  tha  total  varlmea 
and  atandard  daviation  of  tha  datarloration  paraaatara.  Coapariaon  of 
thaaa  variancaa  with  tha  allowable  llnlta  provldaa  an  aatiaata  of  tha 
probabla  aaaauraaanta  inalda  and  outalde  of  tha  lloita  for  any  aaauaad 
condition. 

Tha  raaulta  of  thla  caiqMirlson  are  ahown  In  Tabla  10  below,  for 
aseuned  condltlona  of  a  new  angina,  50  percent  datarloratad ,  and  75  par- 
cant  deteriorated.  The  percentage  deterioration  aaaaa  that  the  actual 
value  of  the  paraneter  haa  changed  by  this  percent  of  the  allowable 
lladt. 
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lABLB  10 


EHGIIIB  ANALYSIS  MRIIOD  ACCUIACY 


Engine  Condition 

- > 

New 

SOX 

Deter. 

75X 

Deter. 

Data  Acquisition 

- > 

Han 

Auto 

Man 

Auto 

Man 

Auto 

Engine 

Component 

Data  * 
Location 

Heading  per  "bed”  reeding 

Single  Spool  Engine 

Compressor 

gb 

3 

7 

WB 

2 

3 

ab 

3 

22 

2 

3 

Turbine 

gb 

21 

71 

Ht] 

3 

4 

ab 

21 

1000 

Hq 

K| 

3 

5 

Coiid>ustor 

gb 

1000 

1000 

HI 

8 

ab 

1000 

1000 

■Bf 

KM 

12 

Deterioration 

Data 

Reading 

per  *’bad"  reading 

Parameter 

Location 

Twin 

Spool 

Engine 

Rotor  Speed 

gb 

30 

36 

7 

10 

3 

4 

Nl 

ab 

27 

230 

7 

13 

3 

4 

Rotor  Speed 

gb 

22 

190 

6 

12 

3 

4 

N2 

ab 

22 

240 

6 

17 

3 

5 

Ex.  Gas  Temp. 

gb 

26 

47 

6 

8 

3 

4 

T? 

ab 

22 

190 

6 

12 

3 

4 

Fuel  Flow 

gb 

19 

90 

6 

9 

3 

4 

Wf 

ab 

82 

32 

4 

7 

_ 

3 

3 

*  ab  -  airborne  data  acquisition 
gb  -  ground  based  data  acquisition 

Exact  limits  for  an  acceptable  engine  analyzer  cannot  be  definitely 
established  because  there  is  no  hard  and  fast  line  below  which  some 
benefit  may  not  be  obtained  from  the  analyzer.  However,  a  probable  er¬ 
roneous  indication  in  every  four  or  five  tests  is  obviously  unsatisfac¬ 
tory  while  an  erroneous  indication  every  thousand  tests  can  certainly  be 
considered  excellent  performance. 

Inspecting  Table  10,  it  is  seen  that  both  twin  spool  and  single 
spool  engines  deteriorated  only  75X  would  be  called  *'bad'*  from  25  to  SOX 
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of  thm  tiam  2  to  4  roadlngt  por  raadlng).  ConvarMly, 

•nf^nao  with  125X  datarloration  (l.a.»  25X  past  tha  limit  rathar  than 
25X  inaida  tha  limit)  would  ba  callad  '*good'*  from  25  to  SOX  of  tha  tima. 

Such  parformanca  of  an  analyzar  ay  stem  cannot  ba  conaidarad  aceapt- 
able.  Fortunately  there  are  aavaral  mathoda  available  for  amoothing 
theta  random  variations  ao  that  much  better  performance  can  ba  obtained 
from  the  ayatem. 
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2.S.2  Data  Smoothing 


Tha  fundaaantal  problaa  in  angina  analyaia  la  tliat  of  obtaining  tha 
beat  aatimata  of  angina  condition  baaad  on  raaults  of  a  aaquanea  of  taata* 

If  tha  maaauranant  accuracy  ia  vary  high  ralativa  to  tha  tolaranca  linita, 
it  ia  obvious  that  tha  moat  practical  and  raaliatic  astinata  of  tha  angina 
conditions  is  the  indication  of  tha  last  test*  ignoring  previous  test  re¬ 
sults.  On  the  other  hand,  if  tha  error  standard  deviation  is  large  com¬ 
pared  to  tha  tolaranca  limit,  the  probability  of  an  erroneous  indication 
is  high. 

A  practical  smoothing  of  these  random  measurement  variances  may  be 
obtained  by  weighting  the  test  data  in  accordance  with  how  recently  it  was 
acquired  to  obtain  a  '"weighted*'  average  of  all  of  the  test  data  taken. 

One  weighted  average  of  the  data  is  known  as  the  "geometric  moving  aver¬ 
age"  or  "logarithmic  average"  of  the  sequence  of  Indications."  This  aver¬ 
age  is  similar  to  the  data  obtained  in  "cumulative  summation  charting, "- 
a  statistical  quality  control  technique  that  has  been  in  use  for  some  time. 

The  logarithmic  average  data  smoothing  technique  treats  the  data  in 
such  a  way  that  the  average  value  used  for  plotting  the  deterioration  of  the 
engine  depends  upon  past  measurements  but  is  weighted  more  heavily  by  the 
recent  values  than  by  the  older  ones.  The  procedure  for  arriving  at  the 
logarithmic  average  is  a  very  simple  one  to  follow  either  with  manual  cal¬ 
culation  or  in  a  computer  operation.  The  algebraic  expression  for  the  log¬ 
arithmic  average  is: 

’  Xn./ 

where  ^ 

X  -  log  average  of  />  tests 

■  log  average  of  previous  test 
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Xn  *  valut  of  pariMtar  dataminid  at  /I  th  taat 
ci  •  aaoo thing  factor 


Tha  valua  ofo(  My  ba  aalaetad  aa  any  fraction  lata  than  unity.  Tha 
anallar  tha  valua  ofp(  tha  sMllar  will  ba  tha  varianca  of  tha  log  avaraga 
and  tha  alowar  tha  log  avaraga  will  raapond  to  any  change  in  tha  level  of 
tha  maaauraaiant  •  Tha  relationship  of  tha  standard  deviation  of  tha  log  avar¬ 
aga  to  the  standard  deviation  of  tha  original  data  is  given  by  the  expression: 

^^og  ave  ■  ^(/Triginal 


For  astiMting  the  affect  of  data  smoothing  on  analyzer  accuracy  a 
valM  of  of  0.1  was  chosen,  since  this  value  provides  a  reasonable  re¬ 
sponse  to  sudden  changes  and  a  reasonable  variance  suppression.  The  accu¬ 
racy  of  the  analysis  methods  using  this  data  smoothing  technique  are  shown 
in  Table  11  below. 

TABLE  11 


Engine  Analysis  Method  Accuracy 
with  Data  Smoothing 


Engine  Condition 


Mew 


501 

Deter. 


75X 

Deter. 


Data  Acquisition 


Man  Auto 


Man  Auto 


Man  Auto 


Engine 

Component 


Compressor 

Turbine 

Combustor 


Data 

Location 


gb 

ab 

gb 

ab 

gh 

ab 


Reading  per  ''bad*'  reading 
Single  Spool  Engine 


1000  1000 


106  1000 
106  1000 
1000  I 

1 1 


8  20 

8  65 

70  1000 
70 

1000 
1000 


JW 

1 


Deterioration 

Parameter 


Data 

Location 


Readings  par  "bad"  reading 
Twin  Spool  Engine 


Rotor  Speed 

»i 

Rotor  SpMd 

»2 

Ex  Gas  Temp 
T7 

Fuel  Flow 


8J> 

ab 

gb 

ab 

gb 

ab 

gb 

ab 


1000  1000 


1000  1000 


100  350 
78  1000 
78  780 
78  1000 
86  180 
145  780 
61  280 
23  110 
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lMp«etion  of  Tablo  11  thoifi  that  meallaiit  parfonunea  of  tha  analyaar 
•ystam  can  ba  aehlavad  without  quaatlon  with  up  to  50K  datarloratloa  of  tha 
anglnao.  At  7SX  datarloratlon^ooM  of  thi  nuabara  ara  lowartbaa  daalrabla. 
Howavari  it  suat  ba  raaaaibarad  that  tha  valua  of  tha  aaoothing  factor  waa  ar¬ 
bitrarily  salactad,  and  that  laodlfication  of  thia  factor  can  change  thaaa  aa- 
tinatas  markedly.  With  proper  data  amoothing^  it  aaema  that  any  of  the  four 
methods  of  data  acquisition  can  provide  a  aufficiantly  ^'accurate**  analysis  so 
that  this  need  not  be  a  factor  in  selecting  an  angina  analyser. 

Tha  lag  of  tha  log  average  in  indicating  a  sudden  change  in  tha  param¬ 
eter  level  is  a  disadvantage »  since  if  a  sudden  change  in  angina  performance 
occurred  the  log  average  does  not  show  this  iMsdiataly,  and  this  increases 
the  probability  of  accepting  a  "bad**  engine.  For  the  variance  suppression  of 
the  engine  analysis  procedure  this  is  not  a  serious  factor  as  demonstrated  by 
the  following  illustration. 

Assume  an  engine  operating  with  one  of  tha  paranaters  at  75X  of  the  limit 
(i.a.,  three  quarters  of  its  life  used)  soma  sudden  change  in  the  condition 
takes  place  such  that  the  paraneter  aK>vas  to  125X  of  the  liadt  (i.a.,  it  is 
as  far  outside  the  limit  as  it  was  inside  the  limit  before  the  change)  •  On 
this  basis,  it  will  require  six  more  data  points  after  tha  changes  to  bring 
the  log  average  from  tha  75X  to  1001  point  (i.a.,  six  readings  to  show  out- 
limit  performance)  •  However,  it  should  be  evident  after  the  third  reading 
that  a  change  in  performance  had  very  likely  taken  place  and  after  the  fourth 
reading  this  would  be  practically  a  certainty. 

If  the  log  average  smoothing  technique  had  not  been  used,  then  about  one 
reading  in  every  four  on  this  same  engine  would  be  indicating  an  out-limit 
perfonsance  before  the  sudden  deterioration  had  taken  place,  thus,  a  single 
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rsading  outild*  th*  limit  emmot  b*  •eecgtcd  M  •  rajMtiott  eritMria. 

Th«  probability  of  two  ouecotalvo  roadingt  boing  ootsida  tba  limit  if 
tho  angina  wara  raally  7SX  datarloratad  (or  eonvaraaly  baiag  inaida  tba  limit 
If  tba  angina  wara  raally  12SX  datarloratad)  la  ona  In  aistaan.  Ivan  tbia  la 
too  graat  a  probability  to  uaa  for  rajaetion.  Tba  probability  of  thraa  aue- 
caaalva  raadinga  outalda  of  llmlta  If  tba  angina  wara  raally  good  ia  64*  which 
la  low  for  a  rajactlon  limit  but  probably  aatlafaetory  ainea  tba  aaaunad  an^ 
glna  la  thrad  quartara  datarloratad.  Thua,  without  tba  log  avaraga  amootblng, 
thraa  raadinga  would  ba  raqulrad  with  tba  angina  raally  outaida  of  llmlta  ba- 
fora  thara  waa  raaaonabla  aaauranea  that  thla  waa  tba  fact. 

Compariaon  of  tba  data  traatad  by  tba  amootblng  tachnlqua  and  not  traatad 
ahowa  that,  with  tba  data  varlanea  and  llmlta  aa  daflnad.  It  ia  naoaaaary  to 
obtain  at  laaat  thraa  outllmlt  data  polnta  bafora  balng  aaautad  of  outllmit 
parfotmanca,  and  that  both  amoothad  and  unamoothad  data  can  provlda  thla  cap* 
ability.  Tha  log  avaraga  data  plot,  howavar,  ahowa  tha  long*ranga  trand  ao 
much  aK>re  clearly,  bacauaa  of  tha  varlanea  reduction,  and  alimlnataa  tha  eon* 
fualon  of  accepting  for  aavaral  fllghta,  anglnaa  that  ahow  outalda  of  llmlta, 
hanca  it  ahould  ba  uaad.  Other  data  variance  reduction  mathoda  than  tha  log 
avaraga  have  been  Invaatlgatad  and  rajactad  bacauaa  of  tha  ccmplaxlty  of  tha 
calculation  procaduraa  raqulrad  to  uaa  them  with  no  real  advantage  in  thalr 
uaa. 


A  ’bwving  avaraga,"  in  which  a  apaeiflad  nutbar  of  tha  laat  pointa  are 
averaged  la  ona  maana  of  data  amootblng.  Tha  application  of  thla  method  ra* 
qulraa  tha  atorage  of  tha  apaeiflad  niaibar  of  polnta  and  the  dropping  of  ona 
point  each  time  a  new  point  la  adda<t.  Tha  parfotmanca  of  tha  moving  average 
la  aimllar  to  tha  log  average.  Ualng  tha  laat  20  polnta  of  data  for  tba  av* 
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•rag*  would  provid*  about  tha  ••■•  varlanea  auppraaalon  tm  tlia  a<  ■  .1  la 
tha  log  avaraga  and  would  raqulra  about  algbt  raadlnga  to  glwa  an  outllalt 
parforaanca  on  a  ehanga  froai  751  to  125%  of  tha  llwlt  •  a  littla  aora  lag  than 
tha  log  avaraga. 

Approxlnatlng  tha  slop*  of  tha  bast  atralght  llna  through  a  apaclfiad 
nunbar  of  tha  laat  point*  waa  conaldarad,  but  tha  calculation*  to  arriva  at 
tha  boat  straight  lina  through  tha  "least  squares"  sMthod  is  far  too  eonq>lax 
and  time  consuslng  a  procedure  if  any  other  satisfactory  method  can  ba  daval- 
oped. 
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2.6  Ilon-I»eowwii4i»d  Ite—ttr— «at> 

Thit  ■•etion  d««erlb««  two  aroM  of  aoMuroMat  on  Jot  ongiMS 
wboro  It  lo  not  gonorally  graetical  to  auko  aoaauraaanta  for  aarly 
warning  of  Mlfunetiona. 

2.6.1  Control  and  Accoaaory  Aroa 

Table  2  of  thla  report  Indlcatea  that  the  Control  and  deeeaaory 
area  of  the  Jet  engine  ia  reaponaihla  for  many  aore  of  the  in-flight 
power  loaa  aventa  than  the  aain  engine.  However,  thie  area  ia  gener¬ 
ally  not  aaenahle  to  atandardiaed  aaaauraaanta  heeauae  (1)  the  controla 
are  uaually  aervo  ayateaa  that  coapenaate  their  input-output  relation 
for  deterioration  and  external  eonditiona  -  aoaewfaat  analgoua  to  radio 
circuita  that  operate  very  aatiaf actor ily  with  wide  rangea  in  tube  or 
tranaiator  eharacteriatiea,  (2)  awaaureaent  of  the  aignificant  iteae 
auch  as  valve  or  follow-up  poaitiona  would  require  redeaign  of  the 
controla  to  add  the  appropriate  aenaora,  (3)  the  controla  have  had 
extenalve  reliability  developaent  to  the  extent  that  in  aany  caaea 
they  are  anre  reliable  than  the  inatruaentation  ayatea  that  would  be 
used  to  aeasure  thea,  hence  the  aeaauraacnt  would  only  increaae  their 
unreliability,  (4)  control  and  acceaaory  prOblaas  are  usually  associ¬ 
ated  with  a  particular  coaponent  that  becoaas  the  subject  of  intensive 
product  iaprovaaant  progrsas  idienever  e  chronic  fault  is  discovered. 

for  these  reaeona,  although  standardised  OkA  nsasuraaants  are  not 
desirdble,  the  data  aequiaition  ayatea  of  an  ai^ine  analyser  Should 
have  enough  enpty  channela  and  sufficient  flexibility  so  that  control 
and  accessory  problaas  can  he  aonitored  appropriately  for  various  aircraft 
and  the  ssmitoring  he  kept  up-to-date  with  the  current  ei^ine  problaas. 
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2.6.2  TrmMlflt  AtiMlvta 


As  a  part  of  this  study  of  Jat  Bntlns  Analysis,  an  Invsstitatlon 
was  undartakan  to  dataralna  tha  affactlvanass  of  using  transiant  angina 
parfonanca  to  naasura  tha  condition  of  coaponants  and  pradiet  datario* 
ration  ratas.  Although  appaaring  aora  eonplax  than  staady  stata  par- 
fomanca,  tha  transient  parforaanca  of  tha  angina,  being  controlled  by 
tha  diffaranca  of  two  large  torques  (coaprassor  and  turbine)  offers 
certain  advantages  in  sensitivity,  and  provides  dynamic  control  infor¬ 
mation  and  angina  margin  information  not  contained  in  tha  staady  stata 
performance. 

To  investigate  the  practicality  of  transient  performance  analysis, 
a  computer  model  of  a  J79  engine  was  subjected  to  a  simulated  throttle 
burst  from  idle  to  military  power  setting,  and  the  transient  performance 
of  key  parameters  was  recorded.  This  procedure  was  done  with  the  com¬ 
puter  model  of  the  engine  representing  a  "new"  engine,  and  with  various 
degrees  of  deterioration  In  the  major  functional  components  such  as  the 
compressor,  combustor  and  turbine. 

From  the  study  of  the  transient  response  of  various  parameters  of 
the  engine,  It  was  found  that  external  ambient  conditions  of  pressure 
and  temperature  modified  the  transient  performance  a  great  deal  more  than 
the  deterioration  it  was  attempting  to  detect.  No  practical  method  of 
controlling  the  ambient  conditions  in  other  than  a  test  cell  could  be 
conceived,  and  no  "correction"  of  the  transient  performance  to  a  refer¬ 
ence  condition  was  found.  Thus  it  is  concluded  that  although  transient 
performance  analysis  is  a  valuable  and  powerful  tool  for  engine  design 
and  development  where  controlled  test  conditions  are  available,  it  cannot 
be  used  effectively  as  a  maintenance  tool. 
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2.7  Bagteff  AptlYftf  C9BPWti9fl 


This  lectlon  cou^arts  the  four  nathoda  of  angina  analyaia  that  can 
ba  obtained  through  the  cod^inatlona  of  ground  baaad  or  airboma  data 
acquisition  either  manually  or  automatically.  The  comparison  is  made 
to  select  a  system  for  evaluation  of  the  four  areas  of  engine  measureMnt 
which  the  study  has  indicated  have  significant  potential  in  determining 
engine  condition.  These  four  areas  of  measurement  are 

1.  Vibration 

2.  Time  Temperature 

3*  Lube  System  Contamination 

4.  Performance  Sensitive  Parameters 

The  report  has  outlined  the  status  of  each  of  these  major  areas  and 
the  study  has  developed  a  means  of  using  the  performance  sensitive  parau- 
eters  as  one  of  the  tools  of  engine  analysis. 

The  criteria  to  be  considered  in  the  selection  of  an  analysis  method 
for  evaluatiem  in  the  next  step  are: 

1.  System  accuracy 

2  •  System  comprehensiveness 

3.  Time  to  get  started 

4.  Estimated  sise  or  wei^t  of  equipment 

5.  Suitability  for  operational  use 

Table  12  below  presents  a  sumaery  of  the  comparison  of  the  methods 
with  respect  to  each  of  these  items,  and  the  following  paragrai^e  give 
a  brief  discussion  of  the  comparison.  From  this  table  and  the  discussion. 
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it  !•  quit*  avldrat  that  autoMtie  alrborna  data  aequlaltioa  It  tha  gaa- 
aral  tyttam  that  ahould  ba  avaluatad,  tinea  It  provldat  tha  ability  to 
evaluate  for  camper leon  all  of  the  other  ayttems. 


Mlt  u 

Engine  Analyslt  Method  Cowpmrlion 


Engine  Analysis 
Method 

Accuracy 

start  Time 
(Months) 

* 

Weight  of 
Equipment 
Req'd  (lbs) 

• 

m 

*1-1 

s  § 

li 

M  U 

Airborne 

Ground  } 

Data 

Acquist. 

Location 

Date 
Acqulat . 
Method 

Ground 

Manual 

2-4 

Uns. 

Ground 

Automatic 

12-15 

800 

Unse 

Airborne 

Manual 

3-6 

H 

Sree 

Poor 

Airborne 
_ 1 

Automatic 

OR 

15-18 

m 

1700 

Good 

Based  on  four  engines  Instrumented. 

**  Estimated  weight  of  Ground  Based  Equiinnent. 
***  Manual  computation  requires  no  equipment. 


2.7.1  Analysis  Method  Accuracy 

Tables  10  and  11  of  Section  2^1  show  that  the  accuracy  (l.e.,  the 
ability  of  the  system  to  indicate  engine  condition  correctly)  of  each 
of  the  methods  Is  comparable ,  and  with  proper  data  smoothing  is  ade¬ 
quate  for  the  purpose.  ThuSp  the  selection  of  a  method  for  evaluation 

of  the  concepts  and  for  final  use  can  be  made  based  on  criteria  other 
than  accuracy. 
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1.1,1  Svitm  CocaprfthroilvcMtt 


For  evaluation^  it  ia  desirable  to  be  able  to  compare  the  effective* 
ness  of  as  many  of  the  systems  as  possible*  so  that  sound  JudgMnt  can 
be  exercised  in  selecting  the  method  for  particular  applications.  The 
sise,  weight*  or  operational  use  of  some  aircraft  My  well  preclude  the 
possibility  of  using  data  acquisition  and  analysis  methods  on  one  kind 
of  airplane  that  are  quite  feasible  on  another  type. 

The  system  which  provides  for  the  most  comprehensive  evaluation  is 
airborne  autoMtic  data  acquisition  with  continuous  recording  of  meas¬ 
urements  kbout  e.ery  5  to  10  seconds.  This  system  will  provide  evalua¬ 
tion  of  the  continuous  recording  of  infomiation.  By  selection  of  por¬ 
tions  of  the  data*  intermittent  data  acquisition  can  be  evaluated*  as 
well  as  the  advantages  of  short  time  averaging.  Selection  of  single 
readings  will  provide  evaluation  of  airborne  Mnually  acquired  data 
methods*  and  operation  of  the  airborne  system  on  ground  run-up  of  the 
engines  will  provide  evaluation  of  the  ground  based  engine  analysis 
methods • 

2.7.3  Time  To  Start 

The  time  required  to  start  an  evaluation  is  an  important  item  to 
consider*  since  a  program  delayed  too  long  can  be  worthless.  The  manu¬ 
ally  acquired  data  Mthods  certainly  provide  the  shortest  starting  time* 
since  very  little  equipMnt  additions  to  either  the  airplane  or  the 
ground  operations  are  required.  They  have  an  additional  advantage  ia 
that  more  airplanes  could  be  included  in  the  evaluation  because  of  the 
minimal  equipment  requirement.  However,  they  provide  only  limited  data 
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acquisition,  lack  tha  ability  to  avaluata  auta««tic  data  acquisition 
mathods,  and  raquira  attention  of  tha  fli^t  crau  periodically* 

2.7.4  Estimated  Eauipmant 

The  equipment  required,  particularly  tha  airborne  equipment,  may  be 
the  determining  factor  in  selecting  the  engine  analysis  method  on  some 
airplanes,  since  the  room  for  the  equipment  may  not  be  available. 

The  manual  data  acquisition  systems  have  such  marked  advantages 
over  the  automatic  data  acquisition  systems  in  this  respect  that  their 
use  may  be  dictated  on  some  airplanes.  Other  general  features  of  the 
manual  data  acquisition  systems  were  covered  in  the  preceding  paragraph. 

2.7.5  Suitability  for  Operational  Use 

Throughout  the  study,  continual  consideration  has  been  given  to  the 
operational  use  of  the  engine  analyzer  in  a  final  configuration.  It  is 
believed  that  any  one  of  the  four  basic  data  gathering  systems  can  be 
operationally  practical,  although  specific  methods  of  integrating  the 
concepts  into  the  Air  Force  information  system  is  beyond  the  scope  of 
this  study. 

No  detailed  specification  of  the  configuration  of  an  operational 
engine  analyzer  has  been  defined,  although  engine  analysis  measurement 
requirements  have  been  sufficiently  defined  in  order  to  form  a  develop¬ 
ment  specification  for  the  Turbojet  Engine  Analyser.  The  requirements 
of  the  engine  analysis  will  be  quite  different  from  airplane  to  airplane, 
since  the  particular  problems  that  assail  different  airplanes  may  be  de¬ 
tected  best  by  different  measurement  areas. 
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In  spitn  of  thn  **lndlvldttnllMd**  naturn  of  tha  angina  analyaia 
problam  howavar»  a  ganaral  conaldaTatlon  of  tba  ovarall  raqulraMnta  and 
a  concapt  of  a  final  configuration  of  an  angina  analysis  systan  nust  ba 
kapt  in  mind  during  tba  avaluation  work  as  it  bas  baan  during  tba  study. 

In  general  an  engine  analysis  system  should  ba  capable  of 

1.  Evaluating  tba  quality  of  existing  engine  performance. 

2.  Predicting  malfunctions  or  detecting  them  before  they 
become  catastrophic. 

3.  Predicting  engine  life  remaining. 

4.  Providing  information  to  meet  the  turn  around  time  of  the 
application. 

5.  Providing  a  permanent  record  of  engine  history. 

6.  Operating  with  minimum  flight  crew  attention. 

7.  Operating  with  a  data  reduction  system. 

8.  Recording  for  sufficient  time  to  meet  the  requirement  of 
the  application. 

9.  Providing  a  record  of  engine  operating  time. 

10.  Operating  with  a  1  minute  warm  up. 

11.  Protecting  records  through  crash  and  fire. 

The  following  paragraphs  provide  a  brief  discussion  of  each  of 
these  general  requirements. 

Evaluation  of  the  quality  of  existing  engine  performance  is  pro¬ 
vided  by  a  comparison  of  the  measurements  of  present  performance  of  the 
engine  with  its  original  perforsmnce  when  new  or  from  overhaul.  Compar¬ 
ison  against  a  fixed  value  is  not  possiblai  since  individual  angina  vari¬ 
ations  from  the  average  of  all  engines  of  a  given  model  are  too  large  in 
comparison  to  the  limit  of  change  that  is  indicative  of  poor  parfocmanee. 
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Recognition  of  changes  in  performance  in  Che  four  general  areas  of  per¬ 
formance  aenaitive  neaaurementa»  vibration ,  time  temperature »  end  lube 
system  contamination  provide  a  good  index  of  the  quality  of  the  present 
performance. 

Predicting  malfunctions  or  detecting  them  before  they  become  cata¬ 
strophic  is  provided  by  the  same  comparison  as  the  perforsmnce  quality 
evaluation.  Quantitative  interpretation  of  this  information  is  required 
to  evaluate  properly  the  severity  and  consequence  of  changes  in  perform¬ 
ance.  Tentative  limits  on  the  basis  of  mathesmtical  engine  models  or 
experience  have  been  developed  for  the  performance  sensitive  measurements. 
These  limits  require  verification  by  practical  experience.  Limits  on  the 
non-performance  sensitive  parameters  of  time  temperature  and  lube  system 
contamination  are  generally  unknown  and  require  development.  Tentative 
limits  on  broad  band  vibration  measurements  are  available  from  the  engine 
manufacturers  for  each  engine  model.  Limits  for  the  signature  and  tach 
ratio  method  require  much  further  development.  Furthermore »  the  ability 
to  predict  a  malfunction  or  detect  It  depends  upon  the  smlfunctlon  pro¬ 
viding  a  measureable  change  In  performance  before  it  becomes  catastrophic. 
To  date  there  Is  no  data  to  Indicate  how  many  of  the  malfunctions  occur¬ 
ring  actually  do  this,  because  there  has  been  very  little  correlation  of 
malfunctions  vs.  chronological  records  of  engine  performance.  This  data 
must  be  obtained  before  any  reliable  estlisate  of  the  value  of  any  facet 
of  engine  analysis  can  be  made. 

Predicting  engine  life  remaining  Is  done  by  trend  analysis  of  the 
performance  quality  evaluation  infonsatlon.  The  prediction  is  made  by 
extrapolating  the  curve  of  performance  quality  vs.  time  until  the  extrap¬ 
olation  curve  Intersects  a  limit.  This  life  prediction  is  based  on  the 
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Mtmptlon  of  A  eoMtmt  dotorioratlon  rato  at  tha  valoa  ahoaii  by  tha 
trand.  Sinca  it  hat  baan  danooatratad  that  «ott  of  tha  a^matt  and  aal* 
funetioat  la  Jat  aagiaat  occur  randoaly  vith  tiM»  tha  Ufa  pradictioa 
cannot  ba  contidarad  highly  raliabla. 

Providing  at  abort  a  turn  around  tiM  at  pottibla  it  nacattary  to 
naintain  a  hi^  "alart"  ttatut  of  tha  float.  Thit  thould  not  ba  a  factor 
in  tha  program  for  tha  naxt  ttap  in  angina  analytit»  tinea  thit  prograai 
it  batically  to  avaluata^  in  ratrotpact,  tha  parformanca  of  tha  variout 
facatt  of  angina  analytit  in  pradicting  tha  avanta  that  do  finally  taka 
placa.  Tab  la  13  conparat  aatimatet  of  tha  turn-around  tima  for  thraa 
ganaral  analytit  mathoda,  ground  data  acquiaition»  airborna  data  aequi- 
tition,  and  a  limited  analytit.  Many  variationt  on  each  tchama  are  pot- 
tibia,  tha  ttmat  attimatad  for  each  operation  are  an  average  tima  con- 
aiatent  with  tha  ganaral  kind  of  operation  anvitagad  at  pottibla  for  a 
final  angina  analyzer  ayatam.  Tha  timat  do  not  include  allowaneat  for 
vibration  tignatura  nor  lube  ayatam  contamination  analytit. 

TABLE  13 

Turn  Around  Tima  Ettimatat 


Operation 

Ground  Data 
Acquitltion 

Airborne  Data 
Acquitltion 
Gomplata 

Airborna  Data 
Acquitltion 
Praliminary 

Ettlmatad  Tima,  Hourt  ! 

1.  Prepare  Craft 

WBM 

0.0 

0.0 

2.  Acquire  Data 

0.0 

0.0 

3.  Reduce  Data 

0.05-0.3 

0.05-0.1 

4.  Plot  Data  A 

Dacia ion 

Wm 

0.3 

0.05-0.1 

5.  Data  Trantp. 

^91 

0.2 

0.2 

I&T  1  Insine 

1.2-2. 5 

TAT  4  Bi^inu 

3. 3-6.0 
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In  Tablt  13  preparing  tha  aircraft  Includaa  tourlnt  to  and  froi  an 
angina  run*up  araa»  ccmnacting  aquipMnt»  atarting  tha  anginas »  ate. 
Acquiring  data  includes  stabilizing  tha  angina  and  recording  tha  data. 
Reducing  the  data  includes  performing  the  calculations  to  standardise 
Che  parameters  and  comparison  with  the  initial  performance.  Plotting 
the  data  and  making  the  decision  is  plotting  the  last  performance  indi¬ 
cations  on  the  trend  chart,  and  making  a  Judgment  based  on  the  indica¬ 
tions.  Data  transport  is  taking  the  data  from  the  airplane  to  the  data 
reduction  area.  The  range  of  times  encompass  the  various  schemas  of 
manual  or  automatic  data  acquisition  and  calculation. 

Providing  a  permanent  history  of  the  engine  is  accomplished  by 
storing  the  data  of  the  trend  analysis. 

Requiring  minimum  flight  crew  attention  is  provided  by  automating 
airborne  data  acquisition  where  used. 

Operating  with  a  data  reduction  system  is  a  ’’must"  to  achieve  the 
turn  around  times  of  Table  13  ,  since  the  comparisons  and  computations 
involved  while  simple  enough  to  be  performed  manually  are  too  time  con¬ 
suming.  The  data  acquisition  system  must  be  designed  to  complement  the 
data  reduction  system  to  provide  the  best  overall  performance.  PCM 
multiplexed  recording  of  data  on  magnetic  tape  is  the  optimum  method  of 
maintaining  accuracy,  size,  and  minimum  equipment  complexities.  The 
data  acquisition  system  and  data  reduction  equipment  should  use  the  same 
code  if  possible,  although  translating  units  from  a  binary  code  to  the 
binary  coded  decimal  system  used  by  some  computers  is  not  a  severe  hand¬ 
icap.  Recording  in  binary  coded  decimal  language  requires  additional 
size  and  weight  in  the  airborne  equipment  which  would  be  desirable  to 
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avoid  If  posaibla 


Racordlng  for  sufflclont  tima  to  Mat  tha  application  raquiraaa&t 
can  ba  acconplishad  with  anough  tapa  capacity  in  tha  tapa  tranaport.  k 
continuous  record  of  tha  angina  paramatara^  (i.a.,  recording  every  5  or 
10  seconds  during  time  of  angina  oparation)  while  desirable  in  tha  eval¬ 
uation  program,  may  very  wall  turn  out  to  ba  unnacaaaary  to  perform  tha 
required  functions  of  angina  analysis.  This  raquiraMnt  should  ba  re¬ 
viewed  in  tha  light  of  the  evaluation  program  findings,  since  vary  sig¬ 
nificant  reduction  in  the  sise  and  weight  of  tha  tapa  transport  can  ba 
made  if  intermittent  data  acquisition  can  be  used. 

A  continuous  record  of  time,  to  indicate  when  in  tha  engine's  life 
a  particular  piece  of  data  was  acquired,  is  necessary  to  Mka  the  trend 
plots  which  are  the  best  way  of  detecting  or  predicting  Mlfunctions. 

This  can  be  performed  by  recording  a  clock  reading  every  frame  in  an 
automatic  data  acquisition  system. 

Operation  within  one  minute  of  turn-on  is  well  within  the  capability 
of  current  data  acquisition  systems. 

Protecting  records  through  crash  and  fire  is  another  requiresient 
that  should  be  examined  carefully  in  the  light  of  the  findings  from  the 
evaluation  program.  If  the  data  acquisition  system  for  the  engine  anal¬ 
yser  is  only  required  to  provide  data  to  assess  the  c^mdition  of  the  en¬ 
gine  and  detect  or  predict  possible  Mlfunctions,  then  protection  of  the 
data  in  the  event  of  crash  My  not  be  of  priMry  importance.  If,  however, 
in  addition  to  engine  analysis  the  data  acquisition  system  is  intended  to 
perform  the  functions  of  post  crash  analysis,  then  the  fire  and  crash  re¬ 
sistance  along  with  continuous  data  acquisition  becoM  parasuamt.  We  do 
not  currently  know  of  a  tape  recorder  that  will  withstand  crash  and  fire 
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without  •  groat  daal  of  dovolopBont.  Howavor,  its  dowalogaant  aaaaa 
poaalbla  through  tha  usa  of  high  tawparatura  coaponaata  and  aubllaatlag 
protoctlva  houalnga. 
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2.8  Evluatlon  Configuration 


This  ••ctlon  outllfias  t  tysttm  for  •valuation  of  tha  angliia  anal* 

year  concaptt.  As  pointad  out  praviously»  tha  dafinltlon  of  an  oparatlonal 
angina  analysis  systan  will  dapand  vary  largo ly  on  tha  capabllltlas»  uao,  and 
limitations  of  aach  aircraft  typo,  hanea  a  rigid  opacification  should  not  ba 
attamptad.  Tha  purposa  of  tha  evaluation  program  proposed  la  to  compare  as 
many  of  tha  procedural  variation  In  collecting  and  analysing  data  as  possible 
to  provide  a  sound  basis  for  selecting  an  operational  engine  analyser  system 
for  each  application* 

For  this  purpose,  as  previously  stated,  an  automatic  airborne  data  acquJr 
sltlon  system  taking  measurements  continuously  provides  tha  ability  to  evalu¬ 
ate  all  of  the  combinations  of  data  collection  and  processing.  Although  this 
configuration  Is  proposed  for  tha  evaluation  program.  It  seea»  probable  that 
for  purposes  of  engine  analysis,  data  recorded  every  two  to  ten  fll^t  hours 
or  even  longer  Intervals  will  be  quite  satisfactory.  Tha  evaluation  program 
will  establish  a  basis  for  determining  the  proper  recording  Interval. 

The  total  complex  of  engine  analysis  equipment  can  ba  considered  In  throe 
categories,  (1)  sensors  (2)  data  acquisition  and  recording  and  (3)  computing. 
The  following  paragraphs  discuss  each  of  these  categories  with  respect  to  the 
racoomended  evaluation  programs  and  an  oparatlonal  angina  analyser  system  as 
It  Is  presently  seen.  The  equipment  described  Is  typical  of  thm  equipment  re> 
qulred  for  either  operational  use  or  evaluation.  In  general  It  can  ba  assem¬ 
bled  from  cooiponents  that  are  current  **shelf**  Itesm. 
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2.8.1  8>naori 


Ths  MaturtMiitt  it  it  fiaeassary  to  Mka  for  tha  angina  annlyala  datar* 
mlna  tha  aanaora  it  la  nacaaaary  to  uaa.  Llatad  balow  in  Tabla  14  ara  tha 
naaturamanta  it  ia  nacaaaary  to  naka  in  tha  avaluation  progran.  In  ganaral» 
tha  currant  stata-of-tha-art  of  hi^  quality  aanaing  tachniquaa  and  aquipawnt 
ara  aatiafactory  for  tha  maaauramanta.  Tha  accuracy  of  auch  aquipaiant  vaa 
tha  baaia  of  the  accuracy  aatimataa,  for  tha  angina  analyaia  ayataa»  dia- 
cuaaad  in  paragraph  2.5  above. 

On  apaclflc  aircraft  it  may  be  nacaaaary  to  naaaura  other  itaaia  than 
thoae  listed  In  Table  14.  The  data  acquisition  system  should  have  *'ampty'* 
channels  available  for  mlacellaneoua  measuremants  of  this  kind  to  adapt  to 
particular  teat  vehicles. 
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TABU  14 


Engin*  H*«cur«Miitt  Raqulrad 


MeAfureMiit 

Sydiol 

SystMB  Error 
Linlt* 

Coaatnts 

Total 

Error 

Limit 

1 

1.  Coo^.  Inlet  Total 
Pressure 

P2 

H 

2.5 

Used  for  standardising 
or  correcting 

other  measurements 

2.  Comp.  Inlet  Total 

T2 

Tenq>erature 

HI 

3.  Coop.  Bleed  Air 

WbAfa 

4,  Engine  Speed 

■ 

1.0 

0.8 

Ni  &  N2  on  twin  spool 

engines 

5.  Engine  Pressure 
Ratio 

2.0 

P5/P2  •ingle  epool 

P7/P2  twin  spool 

6.  Compressor  Static 
Pressure  Ratio 

CPR 

2.0 

1.5 

Ps3/P2  vingle  spool 

Ps4/P2  twin  spool 

7.  Fuel  Flov 

Wf 

3.0 

2.0 

8.  Ex  Gas  Temp 

EGT 

1.5 

1.0 

T5  single  spool 

T7  twin  spool 

9.  Oil  Pressure 

P 

3.0 

2.0 

10.  Oil  Flow 

W 

3.0 

2.0 

Reg.  Press  System  only 

11.  Oil  Teiq>erature 

T 

3.0 

2.0 

12.  Oil  Sump  Pressure 

P 

3.0 

2.0 

Scavenge  oil  presaure  in 
Reg.  Pressure  Systea 

13.  Oil  Tank  Pressure 

P 

3.0 

2.0 

Breather  Pressure  in 

Reg.  Pressure  Systea 

14.  Oil  Consumption 

15.  Vibration 

Dotect  changes  of  0.2  alls  20  cyclss  to 

2.0  KC. 

*  Error  limits  are  2^ 

values  expressed 

in  percent 

of  point. 
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2.8.2  Data  Acquiiitlon  md  Rtcording 

The  automatic  data  acqulaitlon  ayatam  deacribed  here  la  aatlafactory 
for  uae  In  the  evaluation  program,  and  la  typical  of  the  kind  of  equipment 
required  for  engine  analyala  ualng  airborne  automatic  data  collecting. 

The  system  is  set  up  basically  for  four  engines,  with  thirty  channels 
of  information  per  engine,  or  a  total  of  120  channels.  This  provides  12  to 
15  blank  channels  per  engine  to  accommodate  measurements  desirable  on  spe¬ 
cific  applications  or  during  particular  times. 

Detailed  design  of  a  system  will  depend  to  a  very  large  extent  upon 
the  instrumentation  available  and  the  test  vehicle  chosen.  In  very  broad 
terms,  the  incoming  analog  signals  from  the  sensors  are  multiplexed  in  a 
commutator  where  they  are  routed  to  appropriate  conversion  circuits.  All 
signals  are  converted  to  a  proportional  time  interval.  During  this  time- 
interval  pulses  from  a  constant  frequency  source  are  counted  to  provide  a 
number  proportional  to  the  magnitude  of  the  sensor  signal.  These  numbers 
are  recorded  in  sequence  on  the  magnetic  tape  of  the  recorder,  so  that  their 
position  in  the  sequence  is  their  definition  for  the  ground  based  read-out 
or  data  reduction  equipment.  A  complete  sequence  requires  four  seconds. 

Four  basic  signals  must  be  accepted  by  the  equipment  for  conversion  to 
a  time  interval.  Table  15  below  lists  the  four  kinds  of  signals,  and  the 
maximum  number  of  each  kind  that  can  be  handled.  The  total  number  of  signals 
cannot  exceed  120. 
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TABLE  15 


Data  Acquisition  System 

Signal  Acceptance 

Input 

from 

Sensor 

Channels  Available 

Signal  Use 

1 «  Frequency 

15 

Measurement  of  speed  from 
tachometer  gen 

2.  DC  Voltage 

60 

Magnitude  proportional  to 
measured  quantity 

3.  AC  Voltage 

60 

Magnitude  proportional  to 
measured  voltage 

4.  Synchro  or  Second 
Harmonic 

30 

Three  wire  position  signal 
proportional  to  measured 
quantity 

The  system  can  be  built  from  shelf  hardware  with  the  exception  of  the 
commutator  which  will  be  a  special  assembly.  State-of-the-art  techniques 
for  commutator  construction  are  satisfactory,  the  number  of  segsents  and 
number  of  decks  are  the  only  variations  from  standards. 

The  recording  is  in  binary  digital  form  (PGK)  on  a  magnetic  tape  with 
each  data  word  comprising  fourteen  binary  digits  recorded  transverse  to  the 
tape  motion.  Twelve  of  these  digits  contain  the  quantitative  measurement  in¬ 
formation,  one  is  used  for  a  parity  check  and  one  is  used  for  a  timing  pulse 
from  the  clock.  Pulse  code  modulation  is  used  to  preserve  the  accuracy  of 
the  record  independent  of  tape  speed  variations,  and  provide  a  signal  directly 
usable  by  ground  based  computing  equipment.  Recording  transverse  to  tape 
motion  is  used  to  minimise  the  analog  to  digital  conversion  goer.  A  complete 
cycle  of  recording  requires  four  seconds  and  occupies  .240  Inches  of  tape 
length,  which  at  a  tape  speed  of  .060  Inches  per  second  will  provide  for  forty 
hours  of  continuous  recording  on  720  feet  of  tape. 
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In  use,  it  li  anticipated  that  extra  tape  atorege  unite  will  be  avail- 
able,  so  that  on  landing,  the  tape  can  be  removed  from  thm  airplane  and  re¬ 
placed  immediately  with  another  blank  tape.  The  tape  storage  units  will  pro¬ 
vide  a  Mans  for  describing,  by  manual  notation,  the  identification  of  the 
aircraft  and  engines  being  examined.  In  addition,  the  manual  notation  card 
will  provide  space  for  recording  the  lube  oil  servicing  for  inclusion  in  the 
final  data. 

ine  tape  containing  the  raw  data  on  the  four  engines  will  be  processed 
through  a  ground  based  computer  which  will  provide  separate  print  outs  of 
the  data  on  each  engine. 
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2.8. 3.  Corouting 


The  conputlng  requireaiente  of  the  engine  enelyoie  procedures  discueeed 
in  the  previous  sections  nust  be  considered  seperstely  for  en  eveluetion 
program  end  operational  use  of  the  analyser  system.  The  coaq^utation  pro* 
cedures  required  are  simple  averaging,  graph  look  up,  subtraction^ addition, 
and  multiplication  or  division.  These  operations  are  so  simply  perfonaed 
by  a  man,  that  for  the  evaluation  program,  it  is  recommended  that  equip* 
ment  capable  only  of  printing  out  the  raw  data,  averaging  small  blocks  of 
raw  data,  and  printing  out  the  average  be  used.  This  kind  of  operation  Is 
permissible  since  the  evaluation  programs  is  to  correlate  in  retrospect  en* 
gine  measurements  with  incidents  and  rigid  time  schedules  are  not  manda* 
tory. 


For  the  operational  use  of  the  engine  analyzer  system  it  is  expected 
that  intermittent  data  acquisition  about  once  every  two  hours  at  the  most 
will  provide  adequate  information  for  trend  analysis.  This  will  greatly 
reduce  the  size  of  the  airborne  data  recording  equipment,  and  the  quantity 
of  data  to  be  handled.  Even  with  this  reduction  in  data  quantity,  a  ground 
based  general  purpose  computer  capable  of  handling  at  least  a  14  digit  bln* 
ary  word  with  a  memory  storage  of  approximately  4000-8000  words  will  be  re¬ 
quired  to  do  the  complete  operations. 

Some  of  the  operations  that. require  the  large  memory  in  the  computer 
are  the  table  look  up  of  predicted  values  of  the  parameters.  This  is  an 
operation  that  is  relatively  easily  performed  manually  with  adequate  curves 
of  generic  engine  performance  but  requires  large  memory  in  a  cooiputer.  Tte 
evaluation  programs,  using  manual  operation  in  this  area,  will  provide  data 
on  which  to  base  a  sound  decision  as  to  row  much  Df  the  data  reduction  can 
be  done  economically  with  manual  computation. 
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3.0  RBOOIMBND4TION 


3.0  As  Indicated  in  earlier  sections  of  this  report  there  is  no  data  eveileble 

from  which  a  correlation  of  engine  deterioration  or  malfunction  vs  measured 
parameters  can  be  made  -  primarily  because  no  program  has  been  inp lamented  in 
which  measurements  were  made  consistently  for  trend  analysis.  An  evaluation 
program  is  necessary  to  determine  (1)  how  many  malfunctions  give  prior  warning 
of  their  occurrence,  and  how  much  prior  warning  and  (2)  which  of  the  measurement 
areas  are  most  effective  in  detecting  the  malfunction  or  deterioration.  In  ad¬ 
dition  to  these  basic  considerations,  an  evaluation  program  should  also  provide 
a  comparison  of  the  effectiveness  of  the  four  methods  of  data  acquisition  in 
detecting  deterioraticn  and  data  on  the  application  problems  consequent  to  each 
of  the  methods. 

The  program  outlined  in  the  following  paragraphs  provides  as  much  evalu¬ 
ation  of  all  of  the  facets  of  engine  analysis  as  is  practical  to  combine  in  a 
single  program. 

3 . 1  Performance  Sensitive  Parameters 

The  performance  sensitive  measurements  it  is  desirable  to  make  are  listed 
in  Table  14  .  The  tables  list  the  required  measurement  accuracy  to  achieve  the 
fault  detection  accuracy  given  in  tables  10  and  11.  The  range  of  measurements 
depends  upon  the  application  and  can  be  specified  when  test  vehicles  are  selec¬ 
ted.  These  measurements  should  be  processed  by  the  methods  described  in  detail 
in  the  appendix  for  ccrrelatlon  against  observed  malfunctions  or  inspection 
finding's  of  deterioration, 

T^e  evaluation  program  for  this  facet  of  engine  analysis  should  have  meas¬ 
urements  recorded  continuously  in  flight,  and  the  capability  of  making  ground 
based  measurements  as  well.  This  data  will  provide  information  on  how  many  of 
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the  observed  incidents  or  deteriorations  ere  reflected  in  the  performance 
sensitive  measurements,  how  many  give  warning  of  their  approach,  and  how 
much  warning.  By  comparison  of  single  readings  with  average  readings  it 
will  evaluate  the  effectiveness  of  manual  vs  automatic  data  requisition, 
and  by  operating  during  poot  flight  ground  run  up  of  the  engine  it  will  com>^ 
pare  ground  based  va  manual  data  acquisition. 

3,2  Vibration  Measurements 

The  program  for  the  evaluation  of  vibration  as  an  early  detector  of 
failure  should  obtain  information  to  evaluate  the  effectiveness  of  the 
broad  band  and  vibration  signature  methods.  The  tachometer  ratio  method 
as  developed  on  Air  Force  Contracts  AF34(601)-4412  and  AF34 (601) -9593  at 
the  University  of  Oklahoma  is  in  general  more  applicable  to  overhaul  depot 
diagnosis  than  to  flight  line  maintenance,  and  this  approach  is  being  de¬ 
veloped  and  evaluated  in  other  programs 

3  2,1  Broad  Band  Vibration  Measurement 

The  broad  band  vibration  measurement  is  the  only  vibration  measurement 
that  is  practical  to  make  airborne  This  parameter  may  have  value  for  cock¬ 
pit  presentationto  prescribe  engine  power  limitation  or  shutdown.  Histor¬ 
ical  records  of  vibration  may  prove  to  be  a  good  early  warning  of  some  kinds 
of  failure  when  adequate  correlation  with  observed  events  is  available. 

A  derailed  specification  of  the  measurements  depends  upon  the  application 
and  requires  the  cooperation  of  engine  manufacturer  and  testing  facility  to 
select  pickup  locations,  filter  specifications,  etc  The  vibration  ampli¬ 
tude  should  be  recorded  continuously  (once  every  S  to  10  seconds)  so  that 
events  revealed  by  inspection  can  be  related  to  vibration  history  With  twin 
spool  engines,  filtering  to  separate  the  fundamental  frequencies  of  the  two 
rotor  systems  should  be  incorporated  The  overall  accuracy  of  the  system  should 

be  incorporated.  The  overall  accuracy  of  the  system  should  be  such  that  changes 
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in  vibration  level  of  .2  mil  can  be  detected,  and  the  plckupa  ahould  faithfully 
reproduce  the  vibration  from  20  cycles  to  2.0  KC« 

3.2.2  Vibration  Signature  Measurements 

The  vibration  signature  method  Is  used  only  on  the  ground.  The  object  of 
this  evaluation  Is  to  obtain  signatures  of  the  engine  as  Installed,  and  then 
approximately  every  10  to  25  hours.  Comparison  of  the  signatures  as  the  engine 
ages  with  observed  Incidents  and  Inspection  findings  will  provide  the  evaluation 
of  this  measurement  method. 

To  minimize  the  test  time  required  of  the  airplane,  It  Is  desirable  to 
record  on  tape  the  output  of  the  vibration  pickups  permanently  Installed  on  the 
engine  for  broad  band  analysis.  To  obtain  a  "signature,"  the  engine  must  be 
stabilized  by  operating  for  about  five  minutes  close  to  the  speed  of  the  test. 
During  the  recording  the  speed  roust  be  held  accurately  at  a  specified  value  for 
about  two  minutes  while  the  tape  recording  of  the  pickup  outputs  Is  made.  After 
recording,  the  tape  can  be  made  into  a  loop  and  played  into  vibration  analyzing 
equipment  without  infringing  further  on  aircraft  time. 

The  tape  recording  equipment  should  reproduce  the  pickup  outputs  from  20 
to  2000  cps  with  an  over-all  accuracy  of  about  1%.  The  vibration  analyzing 
equipment  should  be  capable  of  displaying  a  narrow  frequency  band  of  the  tape 
output  vs  frequency  over  the  frequency  range  of  20  to  2000  cps.  The  filter 
band  width  should  be  between  2  to  6%  of  the  frequency  being  measured  -  too  nar¬ 
row  a  frequency  band  will  give  trouble  with  engine  speed  variations,  too  wide 
a  frequency  band  will  not  isolate  specific  frequencies  well  enough. 

It  is  well  to  note  that  to  the  best  of  our  knowledge,  this  is  the  first 
time  that  this  signature  technique  has  been  applied  to  early  warning  detection 
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of  Jet  engine  faults^  therefore,  the  effort  recoeeiended  here,  to  evaluate  the 
method,  la  a  pioneering  effort.  As  such,  it  is  subject  to  the  uncertainties 
of  techniques,  equipment  selection,  and  resultant  interpretation  that  beset  any 
new  application  of  an  existing  process.  We  believe  that  the  method  has  excel¬ 
lent  potential  for  providing  early  detection  and  diagnosis  of  Jet  engine  faults. 

3.3  Time-Temperature  Measurement _ 

The  complete  evaluation  of  all  aspects  of  engine  ageing  due  to  temperature 
ancf  temperature  transients  is  premature  at  this  time  since  as  pointed  out  in 
Par.  2.3.2  adequate  definition  of  limits  is  not  available,  and  the  mode  of  fail¬ 
ure,  whether  creep  or  cracking  due  to  temperature  transients,  requires  different 
handling. 

A  valuable  start  can  be  made  in  this  program,  however,  if  the  continuously 
acquired  temperature  data  of  the  performance  sensitive  measurement  analysis  is 
Integrated  through  various  hot  section  factors,  and  the  results  correlated  with 
hot  section  inspections. 

Definition,  with  assurance,  of  the  time-temperature  measurement  usage  will 
require  a  large  mass  of  data  on  each  engine  model.  Correlation  of  the  data  as 
proposed  above  is  a  step  toward  establishing  the  magnitude  of  the  complexities 
involved,  such  as  correlating  effects  with  a  temperature  other  than  that  of  the 
component  through  variations  of  the  hot  section  factor  with  temperature  and/or 
the  limit  of  the  integral. 

3.4  Oil  Contamination  Analysis 

Evaluation  of  oil  contamination  analysis  does  not  require  any  airborne 
measurements.  The  progrmn  does  require  careful  correlation  of  contamination 
concentration  with  incidents  and  inspection  observations. 
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Evaluation  of  the  magnetic  plug  and  filter  examination  technique  of  oil 
contamination  analysis  should  be  a  parallel  effort  with  the  spectrographlc  an¬ 
alysis.  The  location  of  the  plugs  and  number  will  depend  largely  on  both  the 
engine  and  the  airplane  since  the  plugs  must  be  in  an  easily  accessible  loca¬ 
tion.  Examination  of  the  plugs  and  filters  should  be  made  about  every  ten  hours, 
and  the  metallic  generation  per  unit  of  time  calculated  and  plotted  chronolog¬ 
ically. 
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Appendix  1 


Engine  Analysis  through  Performance  Sensitive  Parameters 

This  Appendix  describes  in  detail  the  method  developed  to  determine  dete¬ 
rioration  of  single  spool  and  twin  spool  jet  engines  from  the  measurement  of 
performance  sensitive  parameters  which  are  basic  to  the  gas  generator  operation. 

1  Single  Spool  Engine  Performance  Analysis 

In  general  the  single  spool  engine  analysis  method  uses  a  compari¬ 
son  of  the  predicted  and  measured  values  of  the  turbine  exhaust  gas 
temperature  (EGT)  to  indicate  a  deterioration  or  change  in  the  engine 
performance.  Through  a  system  of  quantitative  logic,  using  these  EGT 
comparisons,  engine  deterioration  can  be  isolated  to  the  functional 
components  of  the  engine  (i.e.,  the  compressor,  combustor  or  turbine). 
Simultaneously  occurring  deteriorations  can  be  separated  by  this  anal¬ 
ysis. 


The  system  of  logic  that  is  used  to  separate  component  deteriora¬ 
tions  is  based  on  the  performance  of  an  ideal  engine.  The  characteris¬ 
tics  of  such  an  engine  can  be  studied  and  evaluated  on  an  engine  simu¬ 
lator,  where,  by  suitable  computer  programming,  known  deteriorations 
can  be  introduced  and  observations  made  on  the  changes  in  the  gas  gen¬ 
erator  parameters.  Such  a  study  provides  data  on  (1)  the  performance 
of  the  normal,  undeteriorated  engine,  (2)  the  normal  engine  gas  gener¬ 
ator  partials  and  (3)  the  deterioration  partials.  From  this  basic  data 
the  logic  system  of  component  deterioration  separation  is  developed. 
This  will  be  shown  in  the  succeeding  paragraphs. 
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1.1  Hormal  Bnalne  Performnc*  Curve«  (G«o»tlcl 


A  set  of  normal  engine  performance  curves  are  required  for  deterio¬ 
ration  analysis:  (a)  normal  flight  characteristics  to  be  used  vith  air¬ 
borne  recorded  data  or  (b)  normal  sea  level  static  characteristics  to  be 
used  with  ground  based  recorded  data* 


a)  The  set  of  normal  fli^t  characteristics  consists  of  three,  3 
dimensional  (3-D)  curves  Which  are  functional  relationships 
between  certain  gas  generator  parameters  that  are  sensitive  to 
several  basic  deterioration  modes  in  the  engine.  These  func¬ 
tional  relationships  are  shown  qualitatively  in  Figs.  5,  6,  and 
7.  Corrected  parameters  are  used  in  these  plots  to  make  them 
applicable  for  non-standard  temperature  days  and  for  all  alti¬ 
tudes  within  the  operable  flight  regime.  In  addition,  Reynolds' 
number  effects  have  been  factored  Into  the  data  plots.  Plotted 
also  on  each  curve  Is  the  normal  operation  line  which  is  used 
to  determine  reference  values  of  the  turbine  discharge  tempera¬ 
ture  for  any  given  operating  point.  The  corrected  parameters 
and  the  nomenclature  used  in  Figs.  5,  6,  and  7  are  defined 
below; 


-  Corr.  Compressor  discharge  static  pressure-psia 

-  Corr.  turbine  discharge  total  pressure  -  psia 

lAf'  -  Corr.  fuel  flow  -  pph 


-  Percent  corrected  speed 
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Normal  EneiNe  FLiemr  CHARACTERtsTiCi  (Wj) 


OpERATf/^Q  Line 


(ZN% 

Percent  Corrected  Speed  -  ZA/ 
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Ts  -  %  -  Corr.  turbine  dlecherge  total  tenpereture  -  ^ 

m  exponent  applied  to  to  Introduce  Reynolds'  nua^er  effect 

^  •  exponent  applied  to  ^  In  the  corrected  fuel  flow  ei^ression* 
Both  m  and  n  are  supplied  by  the  engine  manufacturer. 


*  measured  value  of 
(7.4,  •  measured  value  of 

,  c^'a.  A  (yX- 

aytJi  Wf 


measured  values  of 
respectively 


c^X 


-  predicted  value  of 


-  reference  value  of 


/ 


In  use  the  3-D  curves  of  Figs.  5»  6  and  7  provide  a  means  of 

/ 

comparing  measured  to  predicted  values  of  7r  *  ^7  B^ven  sta» 

ble  operating  point ,  as  represented  by  a  measured  value  of  percent 
corrected  speed  , there  will  be  corresponding  measured  val¬ 

ues  of  the  other  four  corrected  gas  generator  parameters,  namely, 

^  these  measured  values 

that  correspond  to  Just  one  point  of  operation  are  plotted  on  their 
respective  3-D  curves  (Figs.  5,  6  and  7),  a  predictad  value  of  tur¬ 
bine  discharge  temperature  C'Tr)p  vill  be  indicated.  If  there  is 
no  deterioration  in  the  engine,  the  predicted  and  swasured  values 
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of  should  be  equal.  On  the  other  hand  if  deterioration  does 
exist  in  one  or  all  of  the  basic  engine  components,  then  it  is 
highly  probable  that  each  of  the  three  predicted  values  of 
will  not  be  equal  to  the  measured  7^  It  is  to  be  noted  also 
that  if  the  predicted  values  of  do  not  correspond  to  the  ref¬ 
erence  value  of  7^  ,  namely  »  lor  the  same  percent  speed 

point  at  which  the  measurements  were  taken,  it  merely  indicates 
that  the  characteristics  of  the  engine  under  test  do  not  exactly 
match  the  characteristics  of  the  generic  engine.  This  is  not 
cause  for  concern  since  changes  in  the  difference  between  pre- 
dieted  and  measured  values  of  are  the  important  considerations, 
and  the  use  of  the  generic  operating  line  only  affords  a  conven¬ 
ient  means  of  determining  a  corresponding  reference  value  of 
for  the  calculation  of  percentage  changes.  Referring  to  each  of 
the  3-D  curve  plots,  these  percentage  differences  are  formulated 
as  follows: 


<K  * 


(1) 


(2) 


(3) 


The  subscripts  outside  the  brackets,  i.e. ,  ^  waA 

identify  the  equation  with  the  applicable  3-0  generic  curve. 
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TERCEur  Physical 


b)  The  set  of  normal  sea  level  static  characteristics  consists  of 
three,  2  dimensional  (2*D)  curves  that  are  used  for  comparing 
measured  with  predicted  values  of  when  engine  test  data  is 
acquired  on  the  ground  at  an  air  base.  For  ground  testing  perform¬ 
ance  measurements  are  made  at  a  percent  corrected  speed  of  90X, 
i.e.,  %N  «  901.  This  value  of  %N  was  chosen  so  that,  if  the 
temperature  of  the  day  on  which  the  ground  test  was  made  fell  with¬ 
in  a  0^  to  120^  temperature  range,  it  would  always  be  possible  to 
obtain  a  physical  speed  setting  that  would  give  the  percent  cor¬ 
rected  speed  equal  to  90%.  For  test  operation  convenience  it  is 
desirable  to  supply  a  curve  based  on^lT^  *  90%  and  the  above  tem¬ 
perature  range  to  provide  the  required  percent  physical  speed  as 
a  function  of  the  temperature  of  the  day.  Fig.  8  shows  a  typical 
curve . 


Ambient  Tempemturf  -7^  - 

Fla.  8 

Percent  Ffayslcal  Speed  v«.  Ti  for  ■  901 
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8inc«  ground  tootf  can  ba  conducted  at  a  fixed  value  of  per* 
cent  corrected  epeed»  not  only  la  the  tee  ting  procedure  ainpler 
but  the  generic  curve#  for  the  undeteriorated  engine  becoM  leae 
complex  than  thoae  required  for  the  airborne  caae.  The  aet  of  2*D 
curve#  for  thla  caae  are  derived  from  a  aet  of  3*D  curve#  aiailar 
to  thoae  ahoim  in  Piga.  5>  6  and  7  but  represent  the  normal  sea 
level  static  characterlatica  of  the  undeteriorated  engine  with  no 
corrections  for  Reynolds'  nun^er  effects.  Entering  into  each  one 
of  these  3-D  curve#  with  the  same  value  of  percent  corrected  speeds 
BBiy%N  m  901,  the  deterioration  sensitive  corrected  gas  generator 
parameters,  and  ,  cap  now  be  plotted  as  single  line 

functions  of  the  corrected  turbine  discharge  temperature  7^  • 

These  single  line  plots  are  the  2-D  curves  which  are  qualitatively 
displayed  in  Figs.  9,  10  and  11.  The  nomenclature  is  essentially 
the  same  as  for  the  curves  of  Figs.  5,  6  and  7  except  that: 

/5y  is  now  equal  to  or  %  . 

and  ^  is  now  equal  to  %  or  because  the 

exponent  (m)  applied  to  Si  not  necessary. 

All  the  comments  pertaining  to  the  use  of  the  3-D  curves  for 
the  airborne  case  apply  to  the  2-D  curves  of  Figs.  9,  10  and  11. 

Also  the  percentage  difference  equations  (1),  (2),  and  (3)  are  valid 
and  will  not  be  repeated  here. 

The  2-D  and  3-D  static  and  flight  characteristics  of  a  normal 
engine  are  not  generally  available  but  must  be  generated  by  the 
engine  manufacturer  for  each  engine  model  that  is  to  be  analysed. 
Only  one  set  of  curves  is  necessary  depending  upon  whether  ground 
based  data  or  dftCA  sre  Co  be  used  for  the  enelysls* 
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Normal  E/ve/A/g  Sba  Level  Static  Chara c riE/sTfc s 


On«  way  that  it  ufad  to  study  ths  coaplax  parforaanea  of  a  Jat  an¬ 
gina  la  to  fix  tha  oparatlng  point  at  aona  arbitrary  valua»  vary  any 
one  or  aavaral  of  tha  controllad  Inputs  ovar  a  snail  ranga  and  obaarva 
the  changes  In  the  gas  generator  paranatars.  If  tha  Induced  changes  In 
operation  about  a  given  point  are  anou^  to  be  considered  linear » 

then  the  resulting  operation  can  be  raprasantad  by  systans  of  linear 
stations  with  partial  derivatives  relating  changes  In  tha  dependant 
variables  to  the  Independent  variables.  These  partial  derivatives 
called  “engine  partlals"  are  used  with  “deterioration  partlals"  (de¬ 
scribed  In  1.3)  to  form  the  basis  of  the  system  logic  that  Is  used 
In  the  engine  deterioration  analysis* 

The  engine  partlals  that  are  Involved  In  the  deterioration  logic 
system  can  be  obtained  from  the  3-D  curves  of  Figs.  5,  6  and  7.  Any 
one  of  these  curves  can  be  used  for  Illustration*  but  refer  to  Fig.  12* 
which  represents  an  enlarged  section  of  a  typical  plot* 


% 

SnJar^d ^cf/on  oF  3-0  P/ot 
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In  Fig*  12  for  a  glvan  par cant  corractad  apaad  &af  two 

adjacent  7^  lines  such  that  linear  changes  can  be  assuaed.  Then  a  ssmII 
change  In  7^'  results  In  a  corresponding  change  In  7^  . 

Therefore  by  proportioning: 

K)  -  Oil  (P,')-(pA. 

'  WPm. 


Equation 


(5)  can  be  written  In  terma  of  Incremental  changes « 


<4) 

(5) 


(6) 


^r/l 


In  (6)  ^  recognized  as  the  slope  of  the  change  irtilch 
varied  linearly  between  the  reference  condition  (0)  and  the  new  condition 
(1).  Hence,  as  the  Increments  get  smaller  and  smaller,  In  the  limit  they 
can  be  written  as  differentials, 


'  tWj 


(7) 


<8) 


Bq.  (8)  was  written  where  It  Is  understood  that  for  evaluation  purposes 
using  nuawrlcal  data  the  differentials  such  as  d^TJ-^and  have  finite 

values  and  It  Is  convenient  to  use  the  IncresMntal  fora.  Coaparlng  TSq.  (8) 
to^<|.  (6)  It  Is  noted  that 

r  par'fier/ 

7m  (9) 
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Thtt  other  two  engine  pertlele  that  are  need  in  thia  analyaie  are 


Referring  again  to  any  one  of  the  3*D  plots  >  it  will  be  noted  that  the 
values  of  the  engine  partials,  as  they  are  calculated  from  point  to  point 
along  any  constant  line,  will  be  slightly  different,  hence  the  value 

to  be  used  should  be  an  average  of  all  the  determinations.  This  again  can 
best  be  accomplished  by  having  the  engine  manufacturer  compute  the  overall 
average  with  the  engine  simulator. 

In  all  of  the  succeeding  work  percent  changes  will  be  used,  hence  it 
will  be  helpful  to  define  what  is  meant  by  ''percent  partial"  and  how  the 
"percent  partial"  is  related  to  the  basic  engine  partial.  Again  refer  to 
Eq.  (4)  and  note  that  this  equation  can  be  written  without  altering  its 
equality  by  dividing  the  numerator  and  denominator  of  the  left  side  fraction 
by  and  dividing  the  niimerator  and  denominator  of  the  right  side  free* 

tion  by  example: 
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Multiplying  both  nuoMrator  and  denominator  of  both  aldaa  of  (10)  by  100 
changea  the  expraaalon  to  percent. 


IT; 


~~mr 


m  -m 


wx 


X  /oo 


(11) 


Eq.  (11)  la  now  written  In  percent  incremental  form: 


(12) 


where. 


\ 


If’  A^*')  '6^)* 


x/t>c 


03) 


(lA) 


Now  let 9 


SCr/h^  H  ^00 

sen.  = 


(15) 

(16) 
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M«xt,  daflDt  "pcreant  partial**  at  tha  ratio  of  (IS)  to  (16)*  or, 


ganaraliaing  by  dropping  tha  aubscripta, 

_ 

^  *  m-dto.  .z.  -  ^ 


„,co  ,^'4  ^2^  M 


7?!r 


(17) 


where  and  Oi').  are  the  reference  values  of  and  ^  at  which 


was  evaluated. 


Slmilarlyp  the  other  two  "percent  partials"  that  trill  be  used  are: 


S  r/  (gl 


(18) 


(19) 


Finally,  in  terma  of  percent,  using  "percent  partiala"  the  incresMntal  equa¬ 
tions  for  the  three  deterioration  sensitive  gas  generator  paraaeters  that 
will  be  used  in  the  logic  system  are; 

(20) 

(21) 

(22) 


*fo  ^^3 

^0 
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Up  to  this  point  it  hao  boon  ahoim  how  tha  pareant  partlala  hava  baaa 
avaluatad  and  how  thay  ralata  to  tha  baaic  angina  partial.  Iquationt 

(20),  (21)  and  (22)  ara  ganaral,  but  uhan  thay  am  uaad  it  nuat 

ba  ramafld>arad  that  tha  valua  of  tha  pareant  partial  ia  a  function  of  tha 
oparating  point.  In  othar  vorda,  thaaa  parcan^  partiala  ara  functiona  of 
tha  pareant  corractad  apead  .  This  fact  is  raadily  appraeiatad  by  not¬ 
ing  tha  slope  changes  of  the  "Ts  lines  of  each  of  tha  3-D  curves,  Fig.  5  , 

6  and  7  when  changes.  Consequently,  it  baconaa  necessary  to  generate 

a  sat  of  curves,  using  the  sisiulator,  that  gives  thaaa  paremt  partials  as 
functions  of  tha  percent  corractad  speed  (m).  Fig.  13  is  a  sketch  of 
what  these  functions  night  look  like. 


£S££Sa£  Corrected  Spaed 
Fia.  13  -  Far  cant.  Knaina  Fartials  va.  f»A/ 
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1.3  D«frtor>ttoo  tartUls 


Ui«  WM  aad*  of  th«  Jot  ongino  olmlotor  to  roloto  tho  oonoitivity 
of  vorlouo  ongino  thornodynoaic  ond  porfonoonoo  vorlobloo  to  tho  dotorl- 
orotion  of  tho  throo  boole  ongino  eonponont  ehoroetorlotlco.  Thooo  eoa> 
pononto  oro  tho  conproooor,  tho  burnor  ond  tho  turblno.  Sovorol  dlffor- 
ent  dotorlorotion  poroaotoro  woro  conoidorod,  but  tho  onoo  finally  ao- 
lectod  wore  coapreooor  efficloncy  function  ^  ,  caad>uotlan  efficloncy 

,  ond  turbine  efficiency  kecf  change  that  might  occur  In 

component  characteristics  due  to  deterioration  or  any  other  cause  can  be 
considered  as  an  effective  change  In  one  of  the  above.  By  applying  a 
known  change  In  these  deterioration  parameters,  It  was  possible  to  eval¬ 
uate  the  resulting  changes  In  the  basic  gas  generator  parameters  and 
thus  determine  what  has  been  named  the  "deterioration  partlals."  Sev¬ 
eral  operating  points  were  run  on  the  simulator,  covering  standard,  hot 
and  cold  days,  and  the  power  setting,  altitude  and  mach  ranges  of  the 
engine.  The  data  then  was  tabulated  similar  to  that  shown  In  Table  16 
for  each  stable  operating  point.  The  partlals  tabulated  are  In  percent 
as  defined  in  (17),  (18)  and  (19). 


Table  16 

Percent  Deterioration  Partlals 


6P„ 

S 

sn- 

T' 

6 

Ss/^ 

S 

S7i 

5 

a.. 

A 

C, 

/■ 

r. 

A 

A 

h 

e/c. 

A 

A 
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Th«  eaapr«t«or  function  ^  Involvnn  th«  ccaprMcor  nffielnBcy 
end  th«  corrected  eir  flow  A  IX  chenge  In  ^  le  e^ivelant  to  e 

IX  chenge  in  plus  e  2X  chenge  in  ,  i.«.. 


The  nunbere  ^  ^tc.  represent  the  percent  chenge 

to  be  expected  In  the  operating  value  of  a  dependent  variable  following  a 
change  of  1%  in  the  component  characteristic  considered  as  an  independent 
variable.  In  fact,  these  numbers  are  the  "percent  deterioration  partials." 
In  use.  for  example,  suppose  ^  ■  «-1.042.  then  the  percent  incremental 


equation  involving 


can  be  written: 


In  this  equation 


If  ve  as8\ime  the  turbine  efficiency  deteriorates  1%,  or 
•  -1.0,  then 

-  (-1.042)  (-1.0)  -  +1.042 


This  says  that  if  nothing  else  deteriorated  in  the  engine  a  1.042%  in¬ 
crease  in  the  turbine  discharge  total  pressure  J  indicates  a  1%  decrease 
in  the  efficiency  of  the  turbine.  Hence,  from  Tdble  16,  using  corrected 
values  of  the  engine  parmseters,  the  percent  incremental  individual  deteri¬ 


oration  equations  can  be  written: 
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(27) 

(28) 

(29) 

(30) 

(31) 

(32) 

- - 


It  is  understood  here  that  the  coi^onent  efficiencies  constitute  iade- 
pendent  variables  and  the  corrected  gas  generator  parameters  ^ 

^  are  the  dependent  variables.  For  small  changes  in  the  in¬ 

dependent  variables,  the  cooq^onent  characteristic  effects  may  be  considered 
cumulative  and  the  net  effect  of  co^ound  changes  (i.e.,  more  than  one  dete¬ 
rioration  occurring  simultaneously)  can  be  estiMted  by  linearly  summing  the 
effects  of  each  individual  change.  Therefore,  adding  (24),  (25)  and  (26); 
(27),  (28)  and  (29);  (30),  (31)  and  (32);  etc.  the  total  effective  percent 
changes  becoM: 
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(33) 


/I  Hi  * 

%  ^uj  >  4  '■  4  *ht^’fi 

- giTc - 


where  the  percent  "deterioration  partials"  are: 

.  £/Sl  ^  ^  j£d^ 

/  ^  .  a,.*  r=-2*- 


«r4 


SHi 

sHc 


s*u. 

Sfh 


- cfc. - 


(34) 

(35) 

(36) 


The  values  of  the  "percent  deterioration  partials"  (37)  are  func¬ 
tions  of  the  stabilized  operation  points.  Consequently!  data  for  each 
point  in  the  form  of  Table  16  must  be  supplied  by  the  engine  manufacturer 
for  use  in  building  up  the  logic  system.  For  any  given  engine  modal  this 
needs  to  be  done  only  once.  For  computer  memory  storage  of  this  kind  of 
data  these  "percent  deterioration  partials"  should  be  defined  by  analyti¬ 
cal  expressions  relating  them  to  the  fligfht  condition!  that  IS!  ^  ,7^ 

and  Functionally  written: 

- -«/c - 
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It  blMd  air  •xtractloQ  sigiiifleMtly  «fteett  thm  MgnitttdM  of  tte 
gat  ganarator  paraMtara,  thM  tha  Maaurad  valuaa  of  thaaa  paraMtara 
nuat  ba  corractad  bafora  thay  ara  uaad  in  tha  analytical  procaduraa  to 
datarmina  datarioration.  To  mtkm  thaaa  corractiona  it  ia  naeaaaary  to 
know  tha  nagnituda  of  tha  blaad  affact  and  tha  blaad  partial  for  tha 
flight  operation  point  undar  conaidaration.  Tha  percent  blaad  air  ia 
inferred  from  either  a  praaaura  naaauramant  or  airframe  manufacturer 
supplied  data»  and  tha  corresponding  partial  can  ba  derived  from  tha 
tab-bulletin  of  performance  of  tha  angina* 

Tha  following  discussion  Illustrates  tha  blaad  correction  procedure 
to  be  used* 


Consider  tha  simple  air  flow  diagram  pictured  below: 

/  ^ 


*  £e>/nprttasor'  //>/«/  ~ 

cf/r 

an^/Ze/jb/e  Z^r  us^ 

Now  the  percent  change  In  total  airflow  can  be  written: 


•x/oo 


Any  one  of  tha  gas  generator  paraMtara,  for  axampla  7^  %  can  ba  ex¬ 
pressed  as  a  percentage  change  of 
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Wh«r«  It  !•  undaratood  aa  dating  in  (15)  and  (16)  that 

<i-r/ .  x/oo 


But  from  (39) .  (40)  can  ba  wrlttan 


« 


(41) 


Similarly,  the  other  engine  parameter  percent  changea  becooM: 


Su// 


(42) 

(43) 

(44) 


It  will  be  recognized  that 
bleed  partiala." 


etc . ,  are  the  "percent 


The  correction  equatlona  will  now  be  derived.  Continuing  with  the 
exaiq>le  oC 

(Tg)^  ■*  /neasi^r^c/  ya/um  of  jb/—e/ 

■»  t/i€  /neaSit^o^  o/' ^  /to 
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Thtn 


(7f  X 
O’?), 


Solving  for  «“d  recognising  that 
that  would  have  existed  If  there  were  no 
corrected  value  of  ^  ,  l.e.g  (rA  = 


It  Is  actually  the  value  of 
bleed,  and  therefore  becomes  the 


(rA, 


(45) 


(46) 


(47) 


(48) 


Therefore,  when  bleed  extraction  is  present,  before  the 
etera  can  be  used  In  the  3-D  and  2-D  curves  of  Figs.  5, 
respectively,  they  must  be  corrected  In  accordance  with 
and  (48). 


gas  generator  param- 
6,  7,  9,  10  and  11 
Eqs.  (45), (46),  (47) 
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1.5  The  Logic  Sytfm 


Tht  subject  utter  described  in  the  previous  sections  1.1 
through  1.4  is  isqportsnt  bsckground  uterisl  thst  is  necessery 
not  only  for  the  understsnding  but  also  for  the  construction  of  the 
logic  systeu  described  in  this  section.  A  generalised  logic  system 
will  be  described  first,  and  then  tuo  derived  simplified  systeu 
will  be  discussed. 

a)  A  generalised  logic  system  for  engine  perforunce  in 
flight  is  inherent  in  the  relationships  defined  by 
Equations  (33),  (34),  (35)  and  (36)  of 
section  1.3.  However,  since  there  are  four  equations 
and  only  three  unknowns,  these  equations  cannot  be  solved 
simultaneously  tor  And  in  teru  of 

the  dependent  variables 

This  situation  can  be  resolved  in  one  of  two  mys.  An 
additioul  deterioration  mode  can  be  added  to  each  of 
the  four  equtiou  to  satisfy  the  conditions  of  four 
equatiou  in  four  unknowns.  Such  a  mode  could  be  percent 
change  in  the  turbine  inlet  cross  section  the 

percent  change  in  the  pressure  ratio  across  the  burner 
),  or  any  other  deterioration  mode  that  uy  be 
significant.  A  second  and  perhaps  better  way  to  relate 
the  three  independent,  unknown  deterioration  parauters, 

^Aspect ively,  to  the  difference 
in  a  uasared  and  predicted  value  of  corrected  EGT  expressed 
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at  a  percent  of  a  reference  value  of  7^^  •  If  deterio¬ 
ration  changes  are  aatuMd  to  be  smII,  then  linear  re¬ 
lationships  can  be  set  up  using  uhat  vs  have  chosen  to 
call  "percent  system  sensitivity  partialsV  These  partials 
will  be  derived  subsequently. 


In  this  system  use  is  made  of  the  3-D  plots, 

Figs.  5,6  and  7  vhere  the  corrected  gas  generator  para¬ 
meters  ,  8: .  Ps  and  are  plotted  against  percent 

corrected  speed  )  for  lines  of  constant  7}*  • 

These  plots  are  entered  with  measured  values  of  Hi  . 

^  and  for  a  given  to  determine  pre¬ 

dicted  values  of  7}^  *  The  predicted  values  of  7}^  are 
then  compared  to  the  measured  7^  ,  and  the  results 

expressed  In  percent.  Equations  (1),  (2)  and 
(3)  define  these  percentages.  For  convenience  they 
are  repeated  here: 


(rs%  -(r/i 


X/OO 


(1) 


Ll 


(2) 


(n'),  - 

- 


x/oo 

as 


(3) 
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Similarly,  as  was  done  with  the  percent  de¬ 
terioration  partials  displayed  in  Table  16,  the  "percent 
system  sensitivity  partials"  can  be  tabulated  against  the 
deterioration  mode  as  shown  in  Table  17. 


Table  17 

Percent  System  Sensitivity  Partials 


Deterioration 

Mode 

a( 

/3 

r 

A 

3. 

A 

From  Table  17  the  individual  percent  incremental 
equations  can  be  written  as  follows: 


(49) 

(54) 

(50) 

(55) 

(51) 

(56) 

(52) 

(57) 

(53) 
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Here  the  "percent  eyetem  eensitlvlty  pertlele"  ere: 


= 


££ 

SP/'<S0c 


'fr}_ 

6P'f  ^ 


(fiV/ 

TtiF/  ■  ^ 


ST/ 


sr/ 

Sflt 

6'7i 

<fr)^ 


^z- 

c,  - 

C.  - 

4 


\s^/ 

^  *■ 

[efrZ 

'SfTs 

<r^jb 

\sn' 

SHZ 

efrj 

Hi 

'  S(P^ 

d(Po 

SHs 

S' n 

rS'Tr 

SHsi  . 

_  STJ- 

ISH/ 

sn^ 

(58) 

(59) 

(60) 

(61) 

(62) 

(63) 

(64) 

(65) 

(66) 


It  will  be  noted  Chat  these  pertlele  are  functions  of 
hotn  engine  and  deterioration  partials  which  were  discussed 
In  sections  1.2  and  1.3  respectively. 
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A  siiaple  derivation  will  now  be  perfomad  to  daaon- 
etrate  idiere  the  “percent  eysten  aensitivity  partiale" 
cone  from.  For  example,  conaider  the  partial  repreaantad 
by  ^2.  Equation  (59).  Referring  to  the  3-D  plot 

of  V/  (Fig.  6),  let  (h*)m  be  the  ineesured  value  of 
resulting  from  a  deterioration  taking  place  in 
the  engine.  Then  for  the  given  measured  value  of  cor¬ 
rected  speed  et  Which  vas  measuredg  the 

percent  change  in  can  be  written: 


(67) 


Now  for  illustrative  purposes  only  let  it  be  assumed 
that  the  deterioration  Which  caused  to  change  was 

due  solely  to  a  decrease  in  the  turbine  efficiency. 

Ihus  from  £q.  (5.1-31)  the  measured  value  of  also 

can  be  expressed  in  terms  of  the  turbine  deterioration 
partial^  i.e.p 


(31) 


Since  ( 31)  end 


(67)  are  equivalent, 


(68) 
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In  «  •imilar  fashion  the  percent  change  in  the  eMaeured  value 
of  resulting  frou  the  sasM  deterioration,  can  ha  written: 


of  t  resulting  frou  the  •am*  det 


Now  from  the  3-D  plot  (Fig.  6)9  also  determines  a 

predicted  value  of  7^*  *  This  is  expressed  in  a  percent  change 
from  reference  as: 


But  this  percent  change  can  also  be  expressed,  using  the  percent 
engine  partials,  as  shown  in  Eq.  (20),  i.e., 

(2( 

therefore,  since  v20)  and  (70.)  are  equivalent. 

Using  only  that  portion  of  (68)  containing  the  partial,  sub¬ 
stitute  (68)  into  (71)  to  eliminate  ^ A  and  obtain: 
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Finally,  subtract  (69)  froco  (72).  Firstly,  note  that 


And  secondly,  that  also 


Therefore,  since  (^1)  and  (72)  are  equivalent  expressions: 


If  we  let 


(75) 


-  the  "percent 


system  sensitivity  partial,"  and 

then  Eq  (  7S)  can  ba  written: 
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The  subscripts  at  tht  ends  of  the  bracket  tersM  in  (75)  Identify 
the  expression  with  the  correspcmding  gas  generator  3-D  plot  for  . 


Refer  again  to  Table  17.  For  small  changes  in  the  independent 
variables  andjj^^  )  if  several  deteriora¬ 

tions  occur  simultaneously,  the  net  effect  of  compound  changes  can  be 
estimated  by  linearly  summing  the  effects  of  each  individual  change. 
Therefore,  adding  (49),  (50)  and  (51);  (52),  (53) 

^and  (54);  (55),  (56)  and  (57),  the  total  effective 

percent  changes  become: 


(76) 

(77) 

(78) 


Equations  (76),  (77)  and  (78)  yield  the  following  general 

solutions  for  respectively: 


,  (i3,c,-ACt)^  4  A.)r 

/o  i  ^ 

/i, 


where 


D  -■  A. (S£rB,C^  -/gCj)  l-Aj(4C^ -AC,) 


(79) 


(80) 


(81) 


(  82) 
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Equations  (^6),  (77)  and  (78)  constitute  the  gen* 

eralized  logic  system  for  the  single  spool  engine.  The  component 
deterioration  effects  can  now  be  isolated  by  the  solution  of  these 
equations.  The  measured  EGT's  are  defined  by  Eqs.  (1),  (2) 

and  (3)  f or  ^  y  jQ  and  ^  corresponding  to  the  measured  gas 
generator  parameters,  *  respectively, 

and  the  ''percent  system  sensitivity  partials"  Ai,  A2f  A3,  Bi,  etc., 
by  Eqs.  (58)  through  (66).  Since  these  partials  are  func¬ 
tions  of  the  stabilized  operation  points  in  space,  enough  data  must 
be  provided  by  the  engine  manufacturer  to  obtain  values  of  these 
partials  applicable  to  the  test  conditions  at  which  the  measured 
data  is  acquired.  For  computer  memory  storage^this  kind  of  data, 
if  possible,  is  best  represented  as  being  functionally  related  to 
the  flight  condition,  that  is,  to  P2,  T2  sxid^N  For  example: 

B,' 

- a  f'c. - 

Again  this  type  of  data  needs  to  be  generated  only  once  for  a  given 
type  of  engine. 

The  computed  percent  deterioration  changes  (79),  (80) 

and  (81)  are  then  subjected  to  a  data  smoothing  treatment  (See 
Section  2.5)  to  damp  out  random  fluctuations,  and  the  smoothed  data 
is  then  plotted  against  engine  operating  time  and  compared  to  lim¬ 
its.  The  criteria  and  calculation  of  the  limiting  conditions  are 
discussed  in  Section  1.6. 
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b)  A  siinplified  flight  performance  logic  eyeten  is  obtained  vhen  aev* 
eral  of  the  ''percent  system  sensitivity  partials"  of  Table  17  are 
zero.  An  analysis  of  the  G.E.-J79->5A  engine  revealed  that  over  the 
flight  operating  range  of  the  engine  four  of  these  partials  were 
zero  or  nearly  zero  for  practical  purposes.  Specifically,  for  the 
J79*5A  engine: 


3»,  -  Cx-  Cj  *0 


(84) 


For  this  condition  Table  17  is  simplified  to  that  shown  in  Table  18. 


Table  18 

Percent  System  Sensitivity  Partials 
G.E.-J79-5A&B  Engine 


fit  o 

oi 

jr 

/»/ 

c. 

o 

o 

O 

Bj 

o 

Also,  Eqs .  (79),  (80)  and  (81)  reduce  to  the  following: 


4^- 1 


c,/3  -  B,  t 

SsC, 


(85) 

(86) 

(87) 
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All  of  the  statements  pertaining  to  the  generalized  logic 
system  described  In  the  preceding  section  1.5  (a)  apply  here. 

That  Is,  the  3-D  plots  of  Figs.  5,  6  and  7  must  be  used;  the  sys¬ 
tem  partlals  are  functions  of  the  flight  conditions,  etc.  However, 
some  simplification  In  the  computation  may  be  achieved  by  solving 
the  equations  dictated  by  Table  18  in  terms  of  the  alpha^of)  , 
betas  (^)  and  gammas  Q[ J  ,  (the  temperature  functions)  rather 
than  the  deterioration  parameters  as  done  In  (85) ,  (86) 

and  (87)  •  This  Is  possible  because  the  pattern  of  the  zeros 
In  Table  18  permit  a  unique  Isolation  of  the  compressor,  turbine 
and  burner  degradations  without  having  to  solve  for  these  degra¬ 
dations,  per  se.  The  following  analysis  will  clarify  the  concept. 


to 


From  Table  18  these  equations  can  be  written  (See  Eqs. 
57): 


/!'A  tA,  ^A,Z^'7t 


/•*  /7  =  c,Z^<tc. 


49 


(88) 

(89) 

(90) 


Since  a  change  In  Is  solely  caused  by  a  change  In  the  compressor, 
Eq.  (90)  uniquely  Isolates  the  compressor  degradation.  There¬ 
fore,  the  change  In^  in  (88)  caused  by  the  turbine  deteriora¬ 
tion  alone  Is  as  follows:  From  (88) 


But  from  (49)  and  (90) 

w.  ^  JL  -  JL 

K  'A,  '  c,  -  C. 
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therefore 


Proceeding  in  a  similar  manner,  the  change  in^^  in  (89)  caused 
by  the  burner  deterioration  alone  is  as  follows.  From  (89) 


A  '■ 

(94) 


But  from  (52)  and 


(90) 

^  JL  - 

-  C,  - 


Therefore 

8.  t 

c, 


(95) 


Substitute  (95)  into  (94) 

Again,  the  data  calculated  by  either  Eqs.  (83),  (86) 
and  v87)or  Hqs  (90),  (93)  and  (96)  are  smoothed, 
plotted  against  operating  time  and  compared  to  limits 
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c)  When  an  engine  le  tasted  on  the  ground^  the  sat  of  30 
plots  used  in  the  flight  test  operation,  reduces  to  2-D 
plots,  similar  to  those  shown  in  Figs.  9,  10,  and  11. 

Also,  since  the  tests  can  now  be  performed  at  one  cor« 
rected  speed  (i.e.,  «  90%),  several  other  siskpli* 

cations  can  be  made,  such  as;  a  simple  curve  of  Ta  vs. 

is  needed  to  set  the  physical  speed  to  give^A^^»  90% 
(See  Fig.  8);  only  one  set  of  engine  partials  corresponding 
to  «  90%  is  required;  and  the  percent  deterioration 
and/or  percent  system  sensitivity  partials  are  provided 
as  functions  of  only  ^2  at  ■  90%.  The  generalized 

analysis  described  in  1.5  (a)  is  applicable  and  for  a 
G.E.-J79-5A  engine  Eqs.  (85),  (86)  and  (87) 

or  Eqs.  (90),  (93),  and  (96)  are  valid. 

In  general  for  the  analyses  described  in  1.5  (a) 
and  (b),  bleed  corrections  must  be  applied  to  the  measured 
gas  generator  parameters.  These  corrections  are  explained 
in  Section  1.4  of  this  Appendix.  For  the  ground  test  it 
is  assumed  that  bleed  air  is  shut  off  before  test  data  is 
taken. 

1.6  Limit  Determination 

a)  Criteria:  The  limit  of  changes  permissible  is  derived 
from  the  effect  of  the  deterioration  on  engine  performance. 
The  criteria  established  for  the  initial  limit  speci¬ 
fications  are  whichever  occurs  first  of: 


-116 


ASD-TDR-62-975 


1.  A  decrease  of  lOX  in  net  thrust 

2.  An  increase  of  lOX  in  specific  fuel  consumption 

3.  An  increase  of  4  times  in  the  consumption  of  hot 

section  parts  life.  In  the  6.E.-J79«SA&B  engine 

T 

this  is  equivalent  to  an  increase  of  45^  in  4 
(turbine  inlet  temperature)  applicable  only  in  the 
constant  £CT  mode  of  operation. 

4.  Any  mechanical  or  operational  difficulty  produced 
by  the  deterioration.  Compressor  stall  is  the 
limiting  factor  on  compressor  deterioration.  This 
is  comparable  to  a  -1  to  -2%  change  in  on  the 
J79-5A&B  engine. 

fc }  Calculation  of  Limits  cn  the  Deterioration  Parameters 

r^he  following  is  the  analysis  procedure  that  was 
used  ti»  obtain  numerical  evaluations  of  the  limits  on 
the  deterioration  parameters  ^  ^  and  as 

dictated  by  the  previously  itemized  criteria.  In  the 
following  discusalon  illus V.rative  numbers  will  be  used 
to  help  clarify  the  pto.edural  method. 
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The  criteria  give  specific  values  to  certain 
parsneters  that  represent  the  changes  allowed.  These 


'  -/o7^ 

-^7. 


Each  of  these  criteria  are  to  be  applied  against  the 
deterioration  parameters ,  ^  and  to  see  Which 

of  the  three  gas  generator  parameters  or  7^ 

are  limiting  in  each  case. 

Calculation  of  Limit  on  -  It  seems  logical 
that  the  stall  limitation  should  be  the  only  limit  on 
but  this  needs  to  be  proven  by  examining 
and  7y  to  see  if  the  above  criteria  for  these  parameters 
might  not  be  more  limiting  than  the  stall  criterion. 

For  />?  !  from  the  tables  of  deterioration  partials 
(Refer  to  Table  16  for  example)  available  for  several 
flight  conditions  within  the  operable  flight  map  of  the 
engine »  select  the  percent  net  thrust  deterioration  partial 
that  gives  the  maximum  sensitivityg  or  is  numerically  the 
largest.  Suppose  this  partial  is 


Than  for  small  changas 


Solve  for  ^  A 

^j>4. 


Bot  %  :  -/0% 

^  u. 
%^<Pc  ' 


(f?) 


For  this  situation  It  is  concluded  that  thrust  loss 
is  not  limiting  on  ^  since  the  deterioration  function 
(  vary  by  a  minimum  of  -51  to  give  a  lOX 

loss  in  ,  uhlle  -IX  or  -2%  changes  in  ^  will 
give  stall  problems. 

For  7y  :  Since  the  Ty  applies  only  in  the  mili¬ 
tary  and  reheat  operations  of  the  J79-5A&B,  only  those 
tables  of  deterioration  partials  for  this  region  of 
operation  are  applicable.  In  addition^  since  the  criterion 
imposes  a  constant  incremental  rise  in  »  it  is  no 
longer  valid  to  select  the  maximum  value  of  the  deterioration 
partial.  At  any  given  flight  condition  both  the  partial 
and  the  reference  value  of  7^  must  be  examined  together 
to  arrive  at  the  minimum  value  of  A(^  For  example » 
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Solvlx^  for  ^  ^  ^ 


OTi 


From  this  relationship  it  is  seen  that  the  product  of 

■ust  be  a  auxlnum  to  give  a  nlnlmum  Suppoae  this 

Is  aehbved  when 

■m’ 

and  from  (5.1-99)  -45°R,  then 


It  is  likewise  concluded  for  this  example  that  7y 
is  not  limiting  on  since  the  deterioration  function 
)  can  vary  by  a  minimum  of  -4.741  to  give  a 
445^  rise  in  7^  »  vhile  -1%  or  -2%  changes  in  ^  will 
give  stall  problems. 


For  SfC  :  An  analysis  similar  to  that  described 
for^  is  applicable  here.  It  is  likewise  found  that  sfc 
is  not  limiting  on  ^  • 

In  calculating  the  limits  on  ^  and  ^  analyses  similar 
to  that  described  for  ^  were  used. 
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The  results  of  this  kind  of  reasoning  provided  the  following 
limits  on  ^  ^  and  : 

1.  Stall  la  limiting  on  i.e., 


(100) 


2.  sfc  limits  the  turbine  efficiency,  n.- 


--  -  % 


(101) 


This  says  that  for  a  10%  increase  in  sfc  the  turbine 
must  degrade  about  3%* 


3. 


sfc  limits  the  burner  efficiency 


(102) 


This  says  that  for  a  10%  increase  in  sfc  the  burner 
efficiency  must  degrade  10%. 


c)  Calculation  of  Limits  on  the  7^  Parameter 
Functions  for  J79«5Ai6tB  Engine 

The  7^  parameter  functions  have  been  previously 
defined  as  the  alphas  (c(  ),  betas  )>  and  gammas 
(  jf).  See  Eqs.  (1),  (2),  (3)  and  (49) 

through  (57).  In  applying  the  limits  calculated 
above and  ,  Eqs.  (88),  (89) 

and  (90)  are  helpful. 
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1.  For  th«  eonprcssor  fron  Eq. 


(90)  tiM  lialt  1« 


*  W/zA.' 

From  (100)  for 


(103) 


(104) 


\t  C,  fH  -  S.3  (i^ ^  /  /0.6  % 

2.  For  the  turbine  from  Eq.  (88)  the  limit  ie 

(lOS) 


From  ( 101)  for 


08X 


-  ^.oSAi 


(106) 


w  '  ^72oZ, 


3.  For  the  burner  from  Eq.  (89)  the  limit  ie 

From  (102)  for  -lOX 


■-  ” 


(108)  * 


B  -^(7o 


II 

*  NCT”', :  Equations  (109)  thru  (111)  are  omitted,  however,  no  equaticms  are  mleeing. 
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5*1.7  Analvilt  Proceduf  Siaimry 


The  following  it  «  gontral  tunmary  of  the  ftopo  nocoooary  in 
the  deterioration  analysis  of  the  single  spool  engine  having  vari* 
able  exit  geoMtry  for  airborne  data  acquisition  only. 

a)  Initially  there  will  be  available  generic  data  on  the 
engine  model.  This  will  consist  of: 

1.  Three  -  dimensional  plots  (3)  each  of  the  performance 
of  an  undeteriorated  engine  similar  to  the  plots  of 
Figs.  5,6,  and  7. 

2.  A  set  of  tabulations  of  the  "percent  system  sensitivity 
partials"  for  the  three  deterioration  modes 

^  ^  similar  to  the  general  tabulation 

shown  in  Table  18.  This  kind  of  data  may  exist 
either  in  tabular  form  for  several  selected  flight 
environments,  or  functions  may  be  generated  relating 
the  ^rcent  system  sensitivity  partials"  to  ^  ^ 

and 

b)  Obtain  data  at  stabilized  flight  conditions.  Auto¬ 
matically  acquire  25  sets  of  data  about  every  2  hours  or 
once  a  flight,  Whichever  is  shorter.  A  set  of  data  con¬ 
sists  of  the  parameters  listed  in  Table  14.  The  25  sets 
of  data  are  obtained  in  rapid  sequence. 

c>  Average  the  25  values  of  each  measurement.  This  calcu¬ 
lation  is  performed  in  a  ground  based  computer. 
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d)  Correct  the  everege  value  of  the  neaeureaeiit  to  etendard 
ambient  conditions.  Corrected  parameter  expressions  are 
those  listed  in  1.1.  Apply  an  averaged  bleed  air  cor- 
rection  to  these  standardized  parameters  as  given  in  1.4. 

e)  Relate  the  data  to  the  engine  degradation  functions. 

This  involves  the  use  of  the  3-D  plots  of  Figs.  5,  6, 

and  7  to  obtain  the  alphas  (a(  )»  betas  )  and  gasmas  (^  ) 
of  Eqs.  (1)»  (2)  and  (3).  Substitute  these 

values  oi  Ji  f  ^  and  either  into  the  general  deterio¬ 
ration  equations  (Eqs.  79,  80,  and  81)  or  the 

simpler  set  for  the  J79  (Eqs.  90,  93  and  96) 

to  obtain  the  isolated  component  deterioration  parasieters. 
These  calculations  to  be  done  in  a  ground  based  computer. 

f)  Calculate  the  log  average  of  the  deterioration  parameters 
obtained  in  step  (e).  Use  the  smoothing  equation  de¬ 
fined  in  Section  2.5. 

g)  Plot  the  log  average  of  deterioration  for  each  component 
vs.  time  and  compare  to  limits. 
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2  Tvin  Spool  Bnglna  P»rfoCTMttice  Analytlt 


The  twin  spool  engine  enelysls  method  uses  a  comparison  of  pre* 
dieted  and  measured  gas  generator  characteristics  to  indicate  a 
change  in  the  engine  performance.  Theoretically,  the  same  analysis 
procedure  can  be  used  on  the  twin  spool  engines  as  described  for 
the  single  spool  engine,  however,  more  measurements  of  interstage 
pressures  and  temperatures  are  required  to  provide  a  solution  of 
the  matrix.  This  is  because  the  interactions  between  the  two  rotor 
systems  prevent  knowledge  of  the  entrance  conditions  to  the  down 
stream  elements  which  is  necessary  to  determine  the  operating  con¬ 
dition.  Provision  for  these  Interstage  measurements  is  not  gen¬ 
erally  available  on  production  engines,  and  in  the  opinion  of 
Pratt  &  Whitney,  manufacturers  of  the  twin  spool  engines,  the 
complexity  of  these  Interactions  make  the  EGT  comparison  method  of 
analysis  Impractical  to  apply  to  twin  spool  engines. 

The  analysis  method  proposed  for  the  twin  spool  engines,  is 
based  on  the  approach  described  in  Pratt  &  Whitney  Gas  Turbine 
Information  Letter  No.  15.  In  this  procedure,  "predicted"  values 
of  engine  rotor  speeds,  fuel  flow,  exhaust  gas  temperature  and  com¬ 
pressor  pressure  ratio  are  compared  to  measured  values  of  these 
parameters.  The  predicted  values  of  the  parameters  are  based  on 
the  performance  of  an  "average"  engine.  The  difference  between 
the  measured  and  predicted  value  is  an  Index  of  the  deviation  of 
a  specific  engine  from  the  average  engine.  This  difference  unless 
it  is  large  is  generally  not  significant  since  variations  in  com- 
penents  and  adjustments  cause  engine  to  engine  differences. 
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changes  in  these  differences  of  measured  and  predicted  values  are 
Indicative  of  changes  in  the  thermodynamic  performance  of  the  engine 
and  are  used  as  a  measure  of  engine  deterioration. 

Isolation  of  the  deterioration  is  obtained  through  recognition 
of  the  pattern  of  the  changes  in  the  parameters.  Table  19  below 
lists  approximate  changes  in  some  of  these  parameters  for  some 
deteriorations. 

Table  19 

Gas  Generator  Characteristics 
Deterioration  Chancres 


Deterioration 

Parameter  Chan 

55^ - 

egt^ 

DegF 

rpm 

»2 

rpm 

pFR 

Ib/hr 

160%  Ist  Stage  Turb.  Seal  Erosion 

m 

-270 

mimii 

Dne  Inter.  Comp.  Bleed  Valve  Open 

mn 

4145 

4490 

Exhaust  Noz.  Area  Change  +4% 

-4% 

-11 

418 

fl30 

-180 

410 

-20 

■4353 

-50 

Curb.  Hoz.  Guide  Vane  Bow 

1st  Turb.  Area  +4% 

1  2nd  Turb.  Area  44% 

n 

B 

-74 

4225 

484 

4218 

Simultaneously  occurring  deteriorations  provide  approximately  alge¬ 
braic  addition  of  their  effects  on  each  parameter,  thus  if  this 
condition  exists,  separation  of  the  deteriorations  is  very  difficult. 
However,  there  are  no  known  combinations  of  deteriorations  that  will 
provide  cancelling  efforts  on  all  cf  the  parameters,  thus  the  general 
condition  of  the  engine  is  revealed  through  changes  in  the  parameters. 
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i*l  Inltiml  Engine  Ptrfownc#  Curv 


Initial  engine  performance  curves  ere  required  to  estebllsh 
reference  conditions  to  which  changes  In  the  Mssured  values  of 
the  gas  generator  parameters  can  be  related.  This  Initial  perform¬ 
ance  Is  established  (preferably  with  the  engine  mounted  In  the 
airplane  to  account  for  any  effects  of  aerodynamic  obstructions » 
etc.)  by  operating  at  a  series  of  values  of  pressure  ratio  In  the 
cruise  range  of  EPR  and  recording  the  values  of  the  other  gas  gen¬ 
erator  parameters.  The  Initial  performance  may  be  established  for 
three  different  conditions:  It  may  be  established  a)  by  riinnlng 
the  engines  In  the  airplane  on  the  ground  forvslues  of  EPR  over 
the  cruise  range  with  all  bleed  extractions  shut  off »  or  b)  with 
bleed  extraction  operating,  or  c)  by  taking  the  first  ten  flights 
ar^d  averaging  the  data  to  produce  composite  data  with  bleed  and 
Reyrtclds'  number  effects  factored  In.  This  data  is  then  plotted 
to  provide  curves  of  gas  generator  parameters  versus  EPR.  Fig.  14 
shows  qualitatively  this  group  of  curves  for  case  (a).  Corrected 
parameters  are  used  in  these  plots  to  make  them  applicable  for  non- 
stardard  temperature  days.  The  corrected  parameters  are  defined 


below. 


M. 

1^.  ■ 

1/0,' 


Corrected  speed  (low) 
Corrected  speed  (high) 
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Corrected  fuel  flow 


t/t/r  —  - 
f  ^  ktSi. 

7^  s  -  Corrected  turbine  discharge  temperature 

tsif  *  -  Compresscr  discharge  pressure  ratio 

«  Correction  coefficient  for  T2  -  Supplied  by  engine  manu¬ 
facturer 


When  the  initial  curves  of  Fig.  14  are  used  with  airborne 
rer cried  data,  the  standardized  measured  parameters  mast  be  cor¬ 
rected  for  Reynolds'  number  effects  and  bleed  air,  If  bleed  sig¬ 
nificantly  confounds  the  data. 

hor  ground  test  operations  the  curves  of  Fig.  14  are  still  ap¬ 
plicable  for  refoT-rxe.  In  this  case  tests  will  be  conducted  at  a 
preselected  value  cf  EFR,  and  therefore^  only  one  operational  point 
will  be  used  on  each  of  the  initial  performance  curves.  This  select¬ 
ed  value  of  EFR  is  held  constant  and  should  be  a  value  that  is 
cbtajunabici  ever  a  possible  OF-  i20^r  ambieut  temperatur-e  range. 


1  2.  Reynolas*  Number  Correction 


When  engine  perfcmtance  data  is  obtained  airborne  and  the  pro- 
c  -  td  a:\-:  to  be  combated  to  the  irltial  performance  char¬ 

acteristics  Reyrrlds'  -  .mber  .orrections  must  be  applied  If 
meaningful  Interpretations  In  the  data  to  be  made.  These  cor- 
tcitlon^can  be  aup’i'd  L:  the  standard: in d  measured  data  cr  to  the 
Initial  pe’^f.rmanct  cf  Fig.  1^.  In  the  first  and  preferable 
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case,  it  is  proposed  that  the  Reynolds'  number  correction  be  an  In¬ 
crement  that  is  added  or  subtracted  from  the  standardize]  value  of 
the  parameter  as  a  function  of  the  altitude  at  which  that  parameter 
was  measured.  This  kind  of  engine  data  is  furnished  by  the  engine 
manufacturer  and  could  be  presented  in  graphical  form  similar  to 


that  shown  in  Fig.  15.  The  Reynolds'  number  effect  corrections  are: 


M...r  ' 

(/u) 

(/fO) 

(//3, 

2.3  Parameter  Corrections  for  Bleed  Air  Extraction 


When  bleed  air  significantly  affects  the  magnitudes  of  the  gas  gen¬ 
erator  parameters,  corrections  for  bleed  air  extraction  must  be  ap¬ 
plied  to  the  measured  values  before  such  values  can  be  compared  to  the 
initial  engine  performance  curves  of  Fig.  14.  In  flight  bleed  air 
will  be  extracted  so  this  essentially  means  the  measured  gas  generator 
parameters  must  be  corrected  back  to  no  bleed  conditions,  because  the 
curves  of  Fig.  14  were  generated  with  bleed  air  shut  off. 


The  following  discussion  illustrates  the  bleed  air  correction  pro¬ 
cedure  chat  is  followed  and  assumes  that  the  percent  bleed  aii^!^ 
is  inferred  by  a  pressure  measurement  or  is  a  known  quantity  supplied 
by  the  airframe  manufacturer.  For  illustrative  purposes  the  method 
of  correction  will  be  applied  to  a  measured  value  of  fuel  flow. 


Ut 


the  measured  value  of  with  bleed 

the  value  of  the  measured  value  of  fuel  flow 
corrected  back  to  the  no  bleed  condition 
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■  change  in  for  high  pressure  (H.F.)  bleed 
extraction  for  a  given  measured  value  of 

•  change  in  /^^for  low  pressure  (L.P.)  bleed 
extraction  for  the  same  measured 
The  correction  equation  is  defined  as  follows: 

Here^ii^  j  d!!cA(pi^x)  are  known  functions  of  percent  bleed  air 

r  'HP  ^  XP 

pressure  ratio  ^/p  .  That  Is; 


f///j 

(iti) 


The  functions  defined  by  Eqs.  (115)  and  <116)  are  supplied 
by  the  engine  manufacturer  and  may  be  In  the  form  of  3-D  curves 
similar  to  those  shown  In  Figs.  16a  and  16b. 


(a)  -  High  Pressure  (b)  -  Low  Pressure 

Fig.  16  Est.  Change  In  Due  to  Alrbleed 
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In  «  timiUr  manner  the  bleed  correction  equations  for  the  olher 
gas  generator  parameters  would  be: 


(M  Jmmms 

O'Zi 

•  ■ 

7 

(/tf) 

•  ■ 

■ 

J 

C'V 

Os4)c0rr^ 

J 

(fxo) 

Also 9  the  function  curves  for  each  of  these  gas  generator 
for  high  and  low  bleed  extractions  are  needed  to  give  the 
changes  in  terms  of  % 


parameters 

parameter 


2.4  Analysis  Procedure  Summary 

The  following  is  a  general  summary  of  the  steps  necessary  in 
the  deterioraticn  analysis  of  the  twin  spool  engine  using  the  gen¬ 
eric  performance  data  of  Fig.  14  and  airborne  data  acquisition, 
a)  Initially  there  will  be  available  basic  performance  data  on 
a  new  engine -airframe  combination.  This  will  consist  of: 

1.  A  set  of  corrected  gas  generator  parameter  versus  pres¬ 
sure  ratio  performance  curves  on  a  new  engine  mounted  in 
the  airframe  and  tested  at  S.L.S.  conditions  with  no 
bleed  extraction.  These  curves  to  be  similar  to  those 
of  Fig.  14. 

2.  A  set  of  Reynolds’  ntraber  correction  curves  similar  to 
Fig.  13  tc  correct  the  airborne  measured  values  of  the 

gas  generator  parameters  for  Reynolds'  number  effects. 

These  curves  will  supply  the  incremental  corrections  called 
for  in  Eqs .  ( 109}  through  ( 113) « 
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3.  A  set, of  curves  for  each  gas  generator  parameter 

that  provides  both  high  pressure  (H.P.)  and  low 

pressure  (L.P.)  parameter  changes  as  a  function  of 

percent  bleed  air  %  and  EPR.  These  curves » 

/Mu 

or  functions,  are  to  be  used  to  correct  the  airborne, 
measured  gas  generator  parameters  back  to  the  no 
bleed  condition  to  make  the  data  compatible  with  the 
Initial  performance  parameters  to  which  they  will  be 
compared.  The  bleed  correction  equations  are  (114) 
and  (117)  through  (121). 

b)  Obtain  data  at  stabilized  flight  conditions  within  the 
cruise  range  of  EPR.  Automatically  acquire  25  sets  of 
data  about  every  2  hours  or  once  a  flight,  whichever  Is 
shorter.  A  set  of  data  consists  of  the  parameters 
listed  In  Table  14.  The  25  sets  of  data  are  obtained  In 
rapid  sequence. 

c)  Average  the  25  values  of  each  measurement.  This  calcu¬ 
lation  Is  performed  In  a  ground  based  computer. 

d)  Correct  the  average  value  of  the  measurements  to  stand¬ 
ard  aniblent  conditions.  Corrected  parameter  expressions 
are  those  listed  In  2.1, 

e)  Apply  Reynolds'  nuad>er  corrections  to  averaged  correction 
data  taken  above  30,000  feet  altitude  as  outlined  In 
2.2. 
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f)  Apply  bltttd  air  coyractlona  to  avaragad  corractad  data 
of  (d)  or  (a)  at  outlinad  In  2.3« 

g)  Subtract  a  valua  of  tha  corractad  paranatar^  obtained 
from  tha  curvaa  of  Flg«  14  at  tha  average  praaaura 
ratio  of  (c),  from  tha  overall  corractad  paraMtar  of 
(f).  This  difference  is  a  measure  of  engine  deteriora¬ 
tion. 

h)  Calculate  the  log  average  of  the  deteriorations  obtained 
in  (g) .  Use  the  smoothing  equation  defined  in  Section 
2.5. 

i)  Plot  the  log  average  of  each  deterioration  vs.  time  and 
compare  to  limits  on  the  parameters. 
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Appendix  II 

Lubrication  Syettm  Analyaii 

The  lubrication  ayatem  ia  a  aubaystam  that  hiatorically  hea  been  troubleaoM 
in  all  enginea.  The  problema  are  mainly  in  the  form  of  leaka  or  contamination 
that  reducea  oil  flow  to  the  required  areas  and  problema  with  the  venting  and  oil 
aeal  preaauriaation.  The  faults  are  usually  detected  by  visual  observation  of 
external  oil  leaks,  excessive  oil  consumption,  and  changes  or  fluctuation  in  oil 
pressure . 

Two  different  lubrication  systems  are  in  common  use.  One  system  uses  a 
pressure  regulator  to  maintain  an  essentially  constant  pressure  on  the  oil  dis¬ 
tribution  system.  The  second  system  does  not  regulate  the  pressure  except  as  a 
safety  precaution  at  extreme  overpressures.  The  methods  of  providing  early  warn¬ 
ing  of  distress  in  these  two  systems  necessarily  differ  in  detailed  implementa¬ 
tion,  although  the  fundamental  concepts  used  are  the  same. 

Basically,  the  flow  pressure  relationship  in  an  hydraulic  system  is  estab¬ 
lished  by  the  characteristics  of  the  fluid  (density,  viscosity,  etc)  and  the  re¬ 
sistance  of  the  piping  systems.  It  is  this  flow  pressure  relation  that  is  used 
to  detect  changes  in  lube  system  performance  that  are  indicative  of  distress. 

For  instance,  plugging  a  discharge  nozzle  results  in  an  increased  resistance  to 
flow.  In  a  regulated  pressure  systemthis  increased  resistance  will  be  translated 
into  a  decreased  flow,  while  in  an  unregulated  pressure  system,  it  will  be  trans¬ 
lated  into  an  increased  pressure. 

1  Unregulated  Pressure  System 

In  the  unregulated  pressure  system,  a  constant  displacement^  engine  driven 
pump  supplies  oil  to  the  distribution  piping  system.  The  quantity  of  oil  sup¬ 
plied  is  directly  proportional  to  engine  speed,  thus  the  oil  pressure  will 
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a  function  of  ongina  apood.  Tha  eharaetarlatica  of  tha  oil  (la,  vlaeoa^ty* 
danaity,  ate.)  ara  ralatad  to  tha  oil  taaparatura,  thua  tha  praaaura  will 
ba  a  function  of  oil  tanparatura.  Standardlalng  or  corracting  tha  aaaaurad 
oil  praaaura  to  a  rafaranca  angina  apaad  and  oil  taaparatura  provldaa  a  raf* 
aranca  praaaura  that  la  dapandant  only  upon  tha  dlatrlbutlon  ayataa  and  punp 
eharaetarlatica  and  thua  can  ba  uaad  to  datact  changaa  In  thaaa  c<»ponanta 
that  ara  Indlcatlva  of  troubla« 


Tha  following  la  a  derivation  of  the  corractad  oil  praaaura  aquation 
from  simple  concepts.  Tha  assumptions  made  In  this  derivation  ara  that:  a) 
the  entire  oil  system  Is  analogous  to  an  elfectlve  composite  orifice  or  noz* 
zle  which  offers  the  primary  resistance  to  oil  flow  and  tha  piping  system 
losses  are  negligible  in  comparison,  b)  temperature  effects  ara  reflected  In 
an  oil  density  change  and  over  the  range  of  temperatures  experienced  the  den¬ 
sity  decreases  linearly  as  temperature  increases,  c)  total  oil  flow  to  this 
composite  orifice  is  directly  proportional  to  pump  speed  and  hence  engine 
speed,  N. 


For  these  assumptions  the  pressure  drop  across  the  orifice  Is: 

where  •  density 

^  ■  oil  flow 

/4  effective  orifice  cross  section 


(122) 


As  a  function  of  temperature  the  oil  density  Is: 

(123) 

where  ^  -  density  at  temperature  7 

^  ■  reference  tenperature  of  oil 

•  temperature  coefficient  of  density 
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(124) 


And  th«  oil  flow  ••  «  function  of  puap  tpMd  it: 

vh«n  A/  •  •ngini  sp^td 

^  ■  proportionality  conatant 


Substitute 


where 


(123)  end  (124)  into  (122)  letting  also 

AP-  presjur^ 

P’  c/v‘  [/¥-/30:--t)] 
c- 


At  a  reference  operating  pointy  ^ j  P^/m  /V^* 


becomes: 


Similarly,  at  some  other  operating  point /m  «ndyy «  ,  where 


the  subscript  (m)  represents  a  measured  quantity,  Eq. 


(125)  can  be 


written: 


V  .  C  Pm  it* 


Now  divide  (128)  by  (127) 

’  fi(^) (129) 

Finally,  if  ^  be  considered  the  corrected  value  of  pressure  (^  )  as  teaq^er- 
ature  and  speed  changes,  referred  to  the  initial  conditions  of  temperature. 


pressure  and  speed,  then 


2^\-a 


For  Che  unreguleted  pressure  syscssi,  Che  following  asssureMncs  should  bs 


■sds: 


1.  Pa  Oil  Pressure 


2.  Ta  Ptaq>  inlet  oil  teapersture 


•138 


ASD>TI)R«62>975 


3.  llBi  BnglM  SpMd  (Mat.  for  otbar  purpoaat) 

4.  Oil  Sinp  Prattura 

5.  Oil  Tank  Prattura 

6.  Oil  ContUMptlon 

MatturtMntt  1,  2»  and  3  art  utad  to  calculate  the  corrected  oil  prattura 
from  aquation  (130)  for  trand'analyalt  of  the  tyttan.  Incraating  cor¬ 
rected  prattura  in  general  meant  lines  or  nozzlat  are  plugging.  The  smallatfc 
nozzle  in  the  unregulated  system  discharges  about  lOX  of  the  total  flow.  If 
this  nozzle  were  plugged  the  pressure  would  increase  about  5X  (eq.  122), 
hence  a  measure  of  oil  pressure  repeatable  to  within  2X  should  detect  the  equiv¬ 
alent  of  partial  plugging  of  the  smallest  nozzle. 

In  general  cracks  or  leaks  will  show  as  oil  loss  through  Masureaent  (6) 
before  they  will  be  detected  as  pressure  changes,  although  large  leaks  are  de¬ 
tectable  by  decreased  pressure,  the  opposite  manifistation  from  plugging. 

Measurements  (4)  and  (5)  are  used  to  detect  seal  leaks,  vent  line  restric¬ 
tions,  unproper  vent  valve  operation  etc. 

2  Regulated  Pressure  Lubrication  System 

In  the  regulated  pressure  lubrication  system,  a  constant  displacement, 
engine  driven  pump  provides  oil  to  the  piping  system  through  a  pressure  regu¬ 
lator  that  bleeds  some  of  the  discharge  oil  back  to  the  pump  inlet  to  maintain 
constant  pressure  on  the  distribution  system.  In  this  system,  the  oil  pressure 
is  Indicative  of  the  pressure  regulator  performance,  and  to  infer  lube  system 
condition  requires  the  measurement  of  oil  flow.  The  oil  flow  is  a  function  of 
the  pressure  (which  is  regulated),  and  the  oil  characteristics  (density  viscosity 
etc.)  which  are  dependent  upon  temperature.  Thus  the  oil  flow  is  a  function  of 
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pr«asur«  and  taaparatura.  Standardiaing  or  corraeting  tha  aaaaurad  oil  flow 
for  praaaura  and  taaparatura  provldaa  a  rafaraoca  that  la  dapandant  only  upon 
tha  lubrication  dlatrlbutlon  ayataa  and  thua  can  ba  uaad  to  datact  ehangaa  In 
It  that  ara  indicative  of  trouble. 


The  following  la  a  derivation  of  the  corrected  oil  flew  aquation  ualng  ea- 
aentlally  the  awee  approach  and  aaaumptlona  set  forth  In  par.  1.  Corraapond- 
Ingly,  Eqs.  (122)  and  (l23)  arc  valid  and  (124)  la  not  needed  be¬ 
cause  the  flow  (4  )  la  to  be  weeaured. 


Substitute  (123)  Into  (122)  and  solve  for  ^  ,  where  again 
/iP  P  (gauge  pressure) 

f 


where 


(131) 


(132) 


At  s  reference  operating  point  where  ^*>^and  ^  * 

Eq.  (131)  becones  _ 

(.33) 

Now  at  some  other  operating  point  7^  ^  /’•Ji  and  g  where 

the  aubscript  (m)  represents  a  measured  quantityg  Eq.  (131)  can  be 


written: 


(134) 


Divide  (134)  by 


(133) 


/e.  ’  (135) 

Now,  1^^  ^  considered  tha  corrected  value  of  flow  C^)  as  teaverature 
and  pressure  changes,  then. 


(136) 
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If  thtt  prtttur#  rtgulator  w»r«  p«rfMt,  that  !•  Mintalnad  an  abaolutaly 
constant  praasura  than  tha  tarm  Po/Pb  ifould  always  ba  l.O.  Howavar,  tba  pras- 
sura  regulators  raquira  soma  ehanga  In  praasura  to  ra«apportlon  tha  flow  batwaan 
tha  lube  systam  and  tha  by-pass  >  hanca  for  a  system  in  which  trouble  is  occur* 
rlng»  Po/Pm  will  seldom  ba  1.0«  This  change  in  oil  pressure  has  bean  used  to 
infer  lube  systjam  problems.  It  should  not  ba  as  sensitive  a  measure  as  tha 
corrected  oil  flow  measurement  proposed. 

For  the  pressure  regulated  systemi  the  following  measurements  should  be 

made. 

1.  Pm  Oil  pressure 

2.  Tin  Pump  inlet  oil  temperature 

3.  Oil  flow 

4.  Breather  pressure  differential 

5.  Scavenge  oil  back  pressure 

6.  Oil  Consumption 

Measurements  1,  2,  and  3  are  used  to  establish  the  corrected  oil  flow 
from  equation  136  for  trend  analysis  of  the  system.  Decreasing  corrected 
oil  flow  in  general  means  lines  or  nozzles  are  plugging.  The  smallest  nozzle 
in  the  regulated  pressure  lube  system  discharges  about  4X  of  the  total  flow. 

If  this  nozzle  were  plugged  the  flow  would  decrease  by  this  amount »  hence  a 
measure  of  the  oil  flow  repeatable  within  2X  should  detect  the  equivalent  of 
partial  plugging  of  the  smallest  nozzle. 

As  in  the  unregulated  system,  cracks  or  leaks  will  generally  show  as  oil 
loss  through  measurement  (6)  before  they  will  be  detected  by  pressure  or  flow 
measurements,  although  large  leaks  will  be  detected  by  measured  flow,  tha  oppo¬ 
site  manifestation  from  plugging. 
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ltoMur«awnct  (4)  and  (5)  ara  uaad  to  dataet  aaal  laaka,  vant  Una  taacrle* 


tion,  inpropar  vant  valva  oparatlon,  ate. 
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APPENDIX  111 


ANALYZER  ACCURACY 

This  Apip^ndlx  outlines  the  Mthode  end  date  used  in  eetlMting  the 
analyser  accurAcy. 

1  Analyser  Accuracy  Criterion 

Analyser  accuracy  la  the  ability  of  the  analyser  to  distinguish 
betveen  engines  that  are  operating  within  the  limits  of  acceptable 
change  of  the  degradation  parameters  and  those  which  have  changed  wove 
than  this  allowable  limit.  An  analyser  error  Is  an  erroneous  Indication 
In  which  the  engine  Is  shown  to  be  outside  of  an  acceptable  limit  (l.e. 
bad)  when  it  is  really  Inside  the  limit  (l.e.  good)  or  vice-versa.  The 
criterion  of  accuracy  used  in  this  analysis  Is  the  probable  or,  mean 
number  of  tests  between  erroneous  Indications.  This  Is  analogous  to 
the  "mean  time  between  failure"  criterion  in  reliability  analysis. 

The  "errors"  or  erroneous  indications  arise  because  the  measurement 
and  computation  of  the  deterioration  parameters  Is  not  perfect,  thus  re¬ 
peated  measurements  will  not  be  exactly  the  same  even  If  the  Item  being 
measured  has  not  in  fact  changed.  If  this  variation  of  the  measurements 
is  small  compared  to  the  allowable  limit,  then  an  accurate  analyzer  Is 
obtained.  If  however  this  variation  In  measurement  is  large  compared 
to  the  albwable  limit,  then  many  of  the  measurements  will  Indicate  the 
engine  is  outside  of  the  limit  when  in  fact.  It  is  not,  l.e.  an  Inaccurate 
analyzer. 
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An  Index  of  accuracy  of  a  aaaauraMnt  that  la  aada  for  coaparlaon 
against  a  llnlt  la  tha  ratio  of  tha  Halt  to  tha  standard  deviation 
of  the  naasuraaant.  Referring  to  Fig.  17  tha  fanlllar  ball  shaped 
curve  represents  the  noraal  distribution  of  naasuraasats.  Tha  noat 
probable  value  of  the  paraoMter  Is  tha  aean  value  ol  all  of  tha  naasura- 
ments.  The  probability  that  any  single  maasuraaent  will  lie  outside  a 
predetexalned  Halt  Is  the  ratio  of  the  shaded  area  under  tha  probability 
curve  to  the  total  area  under  the  curve.  Valuas  of  this  ratio  are 
tabulated  In  aany  texts  on  statistics  snd  have  bean  used  to  define  tha 
probability  that  a  single  reading  of  a  deterioration  parsantar  will  be 
Inside  or  outside  of  the  allowable  limits.  Curves  showing  tha  frequency 
of  erroneous  readings  are  given  In  Fig.  18  for  the  condition  of  a  new 
engine  (l.e.  no  deterioration)  for  a  50%  degraded  angina  (l.e.  angina 
parformance  changed  by  half  of  the  allowable  limit)  and  for  75%  daterl* 
orated  engine.  These  curves  can  be  used  to  determine  the  probable 
number  of  readings  that  will  be  atade  before  an  erroneous  Indication  la 
obtained.  To  use  the  curves  It  Is  necessary  to  know  tha  standard  de¬ 
viations  of  the  measuremen 's ,  the  limits,  snd  the  deterioration. 

2  Standard  Deviations  of  Measurements 

Measurement  coa^onants  In  general  exhibit  three  basic  types  of 
errors. 

1.  Fixed  or  permanent  errors 

2.  Sasd-patmanant  errors 

3.  Random  errors 
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riMd  or  pcTMiiMit  •nor*  arts*  through  such  soureot  m  initial 
calibration  arror,  eongonant  non-llnaar  charactarlatlc,  drift  or  againg, 
ate.  Theaa  errors  cannot  ba  raducad  by  averaging  repeated  readings  or 
any  other  etatletlcal  technique.  In  couparlug  eucceeslve  readinge  of  a 
measurement  system,  these  errors  do  not  affect  the  comparison,  provided 
the  measurement  system  Is  operated  always  at  the  same  point.  If  dlffarent 
operating  points,  or  different  measuresmnt  systems  are  used,  these  errors 
will  appear.  For  the  accuracy  analysis  subsequently  presented,  the  con* 
servative  approach  has  been  taken  and  these  errors  have  been  included 
at  full  value. 

Seml-permanent  errors  arise  mainly  through  envlronsental  changes 
such  as  temperature,  acceleration,  etc.  These  errors  can  In  general 
be  reduced  by  averaging.  If  the  causative  effects  are  randoad.y  distri¬ 
buted  In  time  and  a  sufficiently  long  test  Is  made  to  average  the  con¬ 
tributing  sources. 

Random  errors  arise  from  such  Items  as  friction,  readout  resolution, 
parallax,  etc.  These  errors  can  be  reduced  to  an  unlimited  extent  by 
averaging  enough  readings. 

For  the  accuracy  analysis  subsequently  presented,  the  seail-permanenf , 
and  random  errors  have  been  Included  at  full  value  for  those  procedures 
where  only  single  readings  of  the  measurements  are  made.  For  those  pro¬ 
cedures  where  multiple  readings  of  the  measurements  are  made  and  averaged 
to  obtain  a  single  value  for  comparison  the  seml-pemunent  and  random 
error  variances  have  been  taken  as  60%  of  the  single  reading  variances. 
For  those  procedures  where  multiple  readinge  of  the  measurements  are 
averaged  with  a  variation  of  ambient  conditions,  the  eeml-permanent  error 
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v«riane«f  mrt  t«k«n  m  301  of  tho  •Inglo  roading  varlaaco. 

Tho  variane*  of  a  maaauremant  is  daflnad  aa  tha  atandard  deviation 
•quaradt  and  tha  total  variance  of  a  computation  or  maaauremant  can  be 
odculated  from  the  variances  of  all  items  making  it  up.  The  methods  of 
combining  variances  are  described  in  any  text  on  statistics.  Table  20 
belov  liste  the  values  of  the  variances  used  in  making  tha  analyser 
accuracy  estimates  shown  subsequently.  These  variances  represent  our 
best  estimates  of  the  performance  of  high  quality  aircraft  instruments 
and  recording  systems. 


Table  20 

Measurement  Varianeea 


2 

Variance  (%  of  point) 

_ 

Ground  Bated 

Airborne  I 

Physical 

Meaaurenents 

Maasuremi 

ints 

Quantity 

Manual 

Auto«atlc 

Manual 

AutOMtlC 

Data 

Data 

Data 

Data 

Acquisition 

Acquisition 

Acquisition 

Acquisition 

Pa 

.50 

.50 

2.00 

.80 

T*. 

.50 

.40 

.50 

.23 

Vk 

1.30 

1.00 

1.30 

.55 

T? 

.50 

.40 

.50 

.23 

_  N 

.32 

.11 

.32 

.06 

1.00 

.80 

1.00 

.45 

Pk/A 

1.00 

.80 

1.00 

.45 

Corrected 

Parameters 

T/e 

1.00 

.80 

1.00 

.46 

N/tfff 

.44 

.21 

.44 

.12 

wp/S©" 

1.92 

1.58 

3.42 

1.41 
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3  DttTiOftlen  fmrmmfx  Llaif 


Ih«  deterioration  perMetere  ere  the  coobinetion  of  Meeureaente 
end  coaputetione  idiich  ere  teken  ee  criterie  of  engine  perforaence.  A 
deterioretion  retiring  aeintenence  ection  le  Implied  idien  eny  de« 
terioretion  pereaeter  eppreciebly  exceed#  the  tolerence  llaits. 

3.1  Single  Spool  Deterioretion  Llaite 

For  the  tingle  spool  engines  the  deterioretion  persasters  ere  the 
compressor  efficiency  function»  the  burner  efficiency*  end  the  turbine 
efficiency.  The  derivetion  end  celculetion  of  these  persaeters  ere 
described  in  e  previous  section  of  this  report.  The  tolerence  limits 
on  these  peremeters  ere  besed  on  uhicever  of  the  following  criterie 
occur  first  es  the  deterioretion  progresses. 

1.  Thrust  loss  of  lOX 

2.  Specific  Fuel  Consumption  increese  of  lOX 

3.  Burner  Tempereture  Increese  of  45^  et  Militery  Operetions 

4.  Compressor  Stall 

Functlonel  reletlonshlps  between  these  cherecterlstics  end  the 
deterioretion  peremeters  were  determined  from  s  methesieticel  n»del 
of  the  J-7$  engine.  These  functions  ere  not  smeneble  to  simple  enely- 
tlcel  expressions  but  numericel  velues  csn  be  celculeted  over  the 
opereting  rsnge.  Mumerlcel  correletions  of  the  chsnges  required  in 
each  persmeter  to  cause  one  of  the  above  four  characteristics  to  reach 
its  limit  were  used  to  establish  the  deterioretion  persmeter  limits. 
These  limits  ere  listed  in  the  following  table. 

ASD-TDR-62-975  -149- 


I>bU  21 


81n»i«  Spool  BmIm  D«f  rloratlon  Li«lt« 


Deterioration 

Peraniter 

Limit 

Reason  For 
Lialt 

Taaip.  Dlff. 
Lliilt 

Co^ratsor 

21 

Stall 

10. 7X 

Turbine 

5X 

8FG 

7.2X 

Combustor 

101 

SFC 

5. 61 
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3.2  Tirin  Spool  Dtf  rloraticm  Li»if 


Tht  d«t«rloratlon  p«r«Mt«rt  for  tho  twin  spool  ongliis  irs  ths 
gas  gonsrstor  chsrsctsrlstics  of  rotor  spssd,  fusl  flow,  and  B6T 
plottad  against  angina  prassura  ratio.  Tha  lisit  of  thasa  paranatars 
usad  in  astimating  tha  accuracy  of  tha  angina  analysar  uara  darivad 
largaly  from  tha  raconnsndations  of  Pratt  &  Whitnay  Aircraft,  vari- 
fiad  idiaravar  possibla  by  conoiarcial  airlina  axparianca.  Tha  tabla 
balow  lists  tha  valuas  of  the  limits  usad  in  making  tha  accuracy 
astimatas. 


Table  22 

Tuin  Spool  Engine  Detarioration  Limits 


Deterioration 

Parasietar 

Symbol  & 

Unit 

Ltnit 

Rotor  Speed 

N/--RPM 

Rotor  Speed 

-  RPM 

Fuel  Flow 

+  4X 

Eidi.  Gas  Temp. 

7"y  -  Ocf  R 

±  3* 

.4  Analyser  Accuracy  Estimates 

The  estimates  of  the  analyzer  accuracy  (i.e.,  tha  probable 
numbat  of  engine  evaluations  before  obtaining  an  erroneous  indi¬ 
cation)  uara  made  using  the  curves  of  1,  tha  limits  of  3,  and 
the  measurement  accuracies  of  2.  The  individual  maaauramant 
accuracies  mere  coad>ined  according  to  the  appropriate  functional 
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ralatlou  to  obtain  «  total  varlanco  of  tho  datatioration  paraaatar. 
This  total  variaaea  oaa  than  uaad  to  dataraina  tha  ratio  of  L//* 
idiich  pamita  aatlaation  of  tha  probability  of  an  arrenaooa  iadi* 
cation. 

4.1  Datartoratloa.  Parwwtar  Varianca  (Singla  Spool  Bnpina) 

Tha  aquatlona  for  tha  total  varianca  of  tha  datarioration 
paraaatara  for  tha  aingla  apool  angina  ara: 


yk 

'nh  't^y- 

(/’S't) 

% 

■'{1 

Hi  »K-  • 

0  -  c,)^r^ 

J 

1 

(^39) 

-  U 

(l^') 

^  0-  |)‘V; 

J 

Cl?) 
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Evaluation  of  thaaa  aquations  «aa  dona  hf  avaluating  tha 
partials  and  constants  using  tha  tuthsaatical  aodsl  of  tha  J-79 
angina,  and  substituting  tha  valuas  in  tha  above  aquations. 

Tha  eatiaatas  probable  nuhber  of  evaluations  before  obtaining 
an  erroneous  Indication  at  three  lavala  of  angina  deterioration  are 
given  in  Tables  10  &  11,  Sac.  2.5.1. 

4.2  Deterioration  Paraaatar  Variance  (Twin  Spool  Engines) 

The  equations  for  tha  deterioration  paraswtera  for  tha  twin 
spool  engines  are: 


Evaluation  of  these  equations  was  done  by  evaluating  tha 
partials  at  a  point  in  the  cruise  range  frosi  published  data  on 
several  twin  spool  engine  aodela  and  averaging  tha  valuas  of  tha 
partials  for  aubatitution. 

Tha  astinatad  probable  nusiMr  of  angina  condition  detansinations 
before  obtaining  an  erroneous  indication  are  given  in  Table  10  &  11 
Sac.  2.5.1. 
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